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Nomenclature 
 
a.u. Arbitrary unit 
A/M Austenite and martensite 
Ac1 Temperature at which austenite begins to be formed when 
heating up 
Ac3 Temperature at which the transformation of ferrite to austenite is 
completed when heating up 
Ae1 Temperature separating α and α+γ phase fields under equilibrium 
Ae3 Temperature separating α+γ and γ phase fields under equilibrium 
Ar1 Temperature at which conversion of austenite to ferrite or to 
ferrite plus cementite is completed when cooling steel 
Ar3 Temperature at which austenite begins to convert to ferrite when 
cooling steel 
aα Ferrite lattice parameter 
aγ Austenite lattice parameter 
bcc Body-centred cubic 
C  Alloy average carbon concentration 
CCT Continues cooling transformation 
CHT Continues heating transformation 
Cγ Retained austenite carbon concentration 
d Lattice interplanner spacings 
df Polygonal ferrite grain size 
DRX Dynamic recrystallisation 
F Structure factor 
fcc Face-centred cubic 
Fer. % Polygonal ferrite percentage 
ffe Atomic scattering factor of iron 
fγ Intercritical austenite volume fraction 
                                                                                                         Nomenclature 
 iv
H Applied magnetic field 
HF High frequency 
hkl Miller indices 
Iα Coefficient of thermal expansion of α phase  
Iγ Coefficient of thermal expansion of γ phase  
γ
iI  Integrated intensity of γ phase at hkl reflection 
α
iI  Integrated intensity of α phase at hkl reflection 
J  Measured polarisation 
Js Saturation polarisation 
A
sJ  Saturation polarisation of the specimen with retained austenite 
Jsalloy Saturation polarisation of austenite-free specimen containing 
certain amount of alloying elements 
l  Length  
LOM  Light optical microscope  
Lp Lorentz-polarisation factor 
Lt Mean linear intercept through the bainite plates 
LVDT Linear variable differential transducer 
MDRX Metadynamic recrystallisation 
MFS Mean flow stress 
MS  Martensite-start 
norm. ∆l Normalised change in length 
PF Polygonal ferrite 
Re Yield strength or 0.2% proof stress in case of absence of yield 
point 
Rm Ultimate tensile strength 
RT Room temperature 
γ
iR  Relative intensity of γ phase at hkl reflection 
α
iR  Relative intensity of α phase at hkl reflection 
                                                                                                         Nomenclature 
 v 
s Carbon concentration in the bainitic ferrite 
Schedule-P Hot-rolling schedule results in microstructure formed from the 
pancaked-austenite 
Schedule-R Hot-rolling schedule results in microstructure formed from the 
recrystallised-austenite 
Schedule-RP Hot-rolling schedule results in microstructure formed from the 
recrystallised- and then pancaked-austenite 
SEM Scanning electron microscope 
SRX Static recrystallisation 
STM  Scanning tunnel microscope 
t Thickness of bainite plate 
T0 Temperature at which both bainitic ferrite and austenite of similar 
composition have identical free energy 
T´0  Same as T0, but considering the stored energy in bainite 
TA Annealing temperature 
TB Isothermal bainitic transformation temperature 
Tc Temperature in the intercritical region at which carbides entirely 
dissolve 
TCU Curie temperature 
TEl% Total elongation (%) 
TEM Transmission electron microscope 
TnRX Temperature of non-recrystallisation 
TRIP Transformation induced plasticity 
TTT Time temperature transformation 
2θ Scanned range in degrees using X-ray diffraction 
v Volume of the unit cell 
Vb Bainitic ferrite volume fraction 
Vγ Retained austenite volume percentage 
xA Austenite volume fraction 
                                                                                                         Nomenclature 
 vi
xMn Manganese concentration 
µ0 Permeability of vacuum (the magnetic constant) 
µr Relative permeability of the material 
∆Gγα Driving force for bainite transformation 
∆l/l0 Relative change in length 
∆γα Change in length resembling the dilatation if 100% austenite 
transforms into ferrite at a certain temperature. 
α Ferrite phase 
αb Bainitic ferrite 
εc Critical strain where the onset of DRX is reached 
γ Austenite phase 
γhc  High carbon austenite  
γi Intercritical austenite 
γr Retained austenite 
λ X-ray radiation wave length 
ρ Multiplicity factor 
ϕ True strain 
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Chapter 1 
Introduction 
 
In early 1965 Deliry reported that silicon strongly retards the precipitation of 
cementite during the bainite reaction [Del65]. Consequently, in silicon-alloyed 
steel the martensite start temperature “MS” of carbon-enriched austenite may, 
after a certain transformation time, decrease to the level where the martensite 
formation during cooling from the transformation temperature is avoided. Thus, a 
certain amount of austenite can be stabilised to room temperature through the 
bainite transformation. This austenite is known as retained austenite. 
More than 20 years later, Matsumura et al. [Mat87] reported the improvement of 
the mechanical properties of steels due to the transformation of the retained 
austenite into martensite during straining (TRIP effect). This was the first report 
concerning the low alloyed TRIP-aided steels. In these steels, the mechanically 
induced martensite transformation of the metastable austenite results in 
geometrical changes at the microscopic level; these geometrical changes have 
the effect of strain hardening of the surrounding ferrite matrix. Consequently, the 
failure due to necking is shifted to higher values of stress and strain. In the past 
decade there has been a resurgence of interest in these steels, especially for 
use in the automotive industry [Uls01, Ble02].  
More recently, another category of bainitic steels, which uses the bainitic 
stabilisation of austenite, in combination with high carbon content and low 
transformation temperature, has been developed. Due to their ultra-fine carbide-
free structure, these steels are characterised by very high strength together with 
enhanced ductility [Cab02, Gar03a, Gar05].  
It is of technological interest to exploit the full potential of these materials by 
optimisation of alloy and process design. This can be achieved by developing a 
clear understanding of their behaviour along the processing route of reheating, 
annealing, cooling and the bainitic transformation. Many metallurgical 
phenomena take place during these processing routes, such as recrystallisation, 
austenite formation and austenite decomposition. Knowledge of the kinetics of 
these metallurgical phenomena allows control of the microstructure by 
controlling the processing conditions. This is of prime interest because the 
properties of steels are, to a great extent, determined by their microstructure 
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which is a result of various phase transformations occurring during 
manufacturing. 
This work helps to achieve better understanding of the microstructure 
development of the TRIP-aided and ultra-fine, carbide-free bainite steels 
throughout the entire integrated processing routes aimed at further development 
of these steels in terms of strength and ductility via affordable addition of 
alloying elements together with optimisation of the processing routes. 
 
The outline of the present thesis is as follows: 
Chapter 2 presents a literature review. The topics of review provide the basics 
for stabilisation of austenite by the bainite transformation. The retained austenite 
and the bainite characteristics and the characterisation methods of the 
multiphase steels are reviewed. A review on the chemistries’ effects is also 
provided. 
Chapter 3 describes the instrumentations and the experimental techniques used 
through out the current study. 
Chapter 4 shows the experimental results of the aluminium-containing TRIP-
aided steels and discusses the effect of the aluminium-content and the 
processing roots on both, the microstructure and the mechanical properties. 
Chapter 5 presents the results of producing an ultra-fine carbide-free bainite 
structure in hypo-eutectoid steels. The effects of decreasing the carbon-content 
and the heat-treatments parameters on the microstructure and mechanical 
properties are discussed.  
Chapter 6 gives a summary of the present work. 
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Chapter 2 
Theoretical Background 
2.1 Basics of Bainitic Stabilisation of Austenite 
Bainite is the a non-equilibrium transformation product of austenite which is 
produced by cooling rates such that the diffusion-controlled transformation of 
pearlite are not possible, yet the cooling is sufficient slow to avoid the 
diffusionless transformation into athermal martensite [Bha2001]. This can be 
achieved by either continuous cooling or by austempering. Normally, bainite 
forms in two stages:  
Stage I:    γ →   γhc + αb 
Stage II:   γhc →   α b + carbides 
where, γhc is high carbon austenite and  α b is bainitic-ferrite. 
However, it had been reported that silicon strongly retards the precipitation of 
carbides during the bainite-reaction [Del65]. As the precipitation of carbides 
during the bainite-reaction is slow, the residual austenite becomes enriched in 
carbon. This can shift martensite start temperature (MS) down to room 
temperature (RT) and hence a large proportion of γhc can be retained.  
The effect of retained austenite in low carbon steels on the mechanical 
properties was not fully recognised until 1980’s during which many studies 
demonstrated that retained austenite improves the mechanical properties of 
steels through the TRIP effect, if the stability of the retained austenite can be 
increased [Mat87]. Actually, the TRIP effect was originally observed in fully 
austenitic steels with sufficient Ni and Mn to maintain the MS temperature below 
RT [Zac67]. In 1987, Matsumura et al. reported the potential of bainite in TRIP-
aided carbide-free steels, where as a result of the transformation, austenite 
carbon-enrichment takes place [Mat87]. Depending on his result, expensive 
elements are no longer necessary to retain the austenite. 
In summary the mechanism of TRIP is believed to be in that way that during 
plastic deformation some of the most severely strained portions of the material 
will transform to martensite by the action of the strain/stress. The martensite 
produced during straining prevents early failure due to necking, via stabilisation 
of the neck through increases in the strain hardening rate. This leads to an 
overall increase of both, tensile strength and elongation. 
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2.2 Retained Austenite Characteristics 
2.2.1 Retained Austenite Morphology 
Basuki et al. [Bas99a] have classified the morphology of retained austenite into 
granular type and needle-like types. The retained austenite can be designated 
by the location where it forms, between ferrite and bainite, surrounded by ferrite 
and surrounded by bainite. The needle-like retained austenite is between the 
bainite interlath regions. The different morphologies are shown in Fig. 2.1. 
 
 
 
 
Fig. 2.1 Typical microstructure of TRIP steel ferrite: gray, bainite: black, 
retained austenite: white; A: Needle-like retained austenite, B: Granular 
retained austenite surrounded by the ferrite, C: Granular retained austenite 
enclosed by the bainite, D: Granular retained austenite in contact with bainite 
and ferrite [Bas99a]. 
2.2.2 Retained Austenite Stability 
Austenite retained to ambient temperature after isothermal formation of bainitic-
ferrite, especially the larger blocky austenite, can decompose to martensite even 
at relatively small stresses [Bha01]. The austenite, if decomposes under the 
influence of stress, can be detrimental to the steel since the resulting high-
carbon, untempered martensite is expected to be brittle. The mechanical 
stability of retained austenite is therefore important in obtaining good toughness 
in bainitic steels. The parameters affecting the mechanical stability of the 
retained austenite which gives rise to the TRIP behaviour are particle size, 
morphology and solute enrichment.  
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a- Particle size: Small austenite particles are more stable than large particles. 
This has been explained by that a sufficiently small particle might not contain an 
effective martensite nucleation site [Rig79, Bra93].  
b- Morphology:  According to the classification of the retained austenite 
morphology and location (Fig. 2.1), the stability of the retained austenite can 
also be classified. The granular type surrounded by ferrite “type B” is unstable 
and can easily transform to martensite at the initial strain stage, so it has a little 
effect on enhancing the mechanical properties. The needle-like type “type A” is 
protected from the imposed stress by the surrounding hard phase; its 
deformation and transformation hardly occur. On the other hand, the other 
granular type retained austenite is stable enough to generate the TRIP effect of 
the retained austenite [Tim02, Bas99b]. 
c- Solute enrichment: The stability of the retained austenite is strongly related to 
the enrichment of C and Mn in the austenite, in other words the higher the solute 
enrichment the greater the stability is [Sak92, Tse87].  
During steel making process, carbon content in the untransformed austenite 
increases because carbon diffuses to the remaining austenite during the 
intercritical annealing by transformation to ferrite and during austempering by 
transformation to bainite. Thus, together with the steel alloying elements, the 
processing parameters are also an important key-factor determining the retained 
austenite stability. 
2.3 The Basics of Bainite 
2.3.1 Bainite Definition 
Bainite is a product of austenite decomposition in steels. It transforms either 
isothermally or during continuous cooling over a temperature range that is 
typically below that of the austenite-to-pearlite reaction and above MS 
temperature for martensite formation. The transformation mechanisms 
applicable to bainite, and even the definition of bainite, have remained 
controversial since the earliest discussions on this subject.  
The original microstructural definition of bainite is Widmanstätten ferrite plates or 
laths with carbide precipitation at the austenite: ferrite boundaries [Rob29, 
Dav30]. Hehmann defined bainite as a non-lamellar aggregate of ferrite and 
carbide with acicular morphology dictated by the ferrite component [Heh72]. This 
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definition has been subsequently generalised as a non-lamellar, competitive 
eutectoid reaction in which the eutectoid phases can have any morphology other 
than the alternating plates characteristic of pearlite [Aar06, Lee88].  
2.3.2 Bainite Morphology 
Bainite morphology consists of aggregates of platelets or laths of ferrite, 
separated by regions of residual phases consisting of untransformed austenite 
or of phases such as martensite or cementite which form subsequent to the 
growth of bainitic-ferrite. According to its morphology, bainite can be classified to 
upper and lower bainite. Upper bainite is formed at higher temperatures where 
the diffusion rates are enough for carbon to diffuse to the lath boundaries. Lower 
bainite forms at lower temperatures where the carbon is trapped within the 
growing ferrite lath resulting in carbide precipitation within ferrite (Fig. 2.2) 
[Tak90]. However, if the initial carbon content is very low, e.g. ultra-low carbon 
bainitic (ULCB) steels, or carbide precipitation suppressing elements such as Si, 
Al and P are present, carbide formation can be inhibited or lags for a long period 
of time. The resulting morphology is referred to as carbide-free bainite [Bha01]. 
 
 
Fig. 2.2 Two different bainite morphologies formed from the supersaturated 
plates [Tak90]. 
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The aggregates of the formed bainite-plates are called sheaves and the plates 
within each sheaf are called the subunits. The subunits are not isolated from 
each other but connected in three dimensions. It follows that they share a 
common crystallographic orientation (Fig. 2.3-I) [Bha01].  Furthermore, using 
scanning tunnel microscope (STM) (together with LOM, SEM and TEM), Wang 
et al. proved that those subunits are composed of sub-subunits as shown in Fig. 
2.3-II [Wan95]. 
 
 
Fig. 2.3-I Transmition electron micrograph of a sheaf of upper bainite in a 
partially transformed Fe-0.43C-2Si-3Mn wt% alloy: (a) light micrograph; (b, c) 
bright field and corresponding dark-field image of retained austenite between 
the subunits; (d) montage showing the strucure of the sheaf [Bha01]. Fig. 2.3-
II STM microstructure of bainite (a) lower and (b) higher magnification image 
indicating the existence of sub-subunits, shown by 1, 2, 3, 4, and 5 [Wan95]. 
I 
II 
 600    
II
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2.3.3 Thickness of the Bainite Plates 
The most important factors influencing the bainite plate-thickness are the 
austenite strength and the chemical free energy accompanying transformation 
(see Fig. 2.4) [Sin98, Bha01]. A quantitative analysis shows that temperature 
has only a small independent effect on the thickness of bainite plates. However, 
the perceived effect of temperature on the plate thickness could be indirect since 
both austenite strength and the nucleation rate are strongly dependent on 
temperature. The main conclusion is that strong austenite and high driving 
forces lead to a finer microstructure. 
 
Fig. 2.4 The significance of the input variables in influencing the bainite 
plate-thickness [Bha01]. 
2.3.4 Kinetics of Bainite Transformation 
The kinetics of bainite formation have a C-curve on the time-temperature-
transformation (TTT) diagram because the reaction rate is slow both, at high and 
low temperatures. The diffusion of atoms becomes difficult at low temperatures 
where as the driving force for transformation is reduced as the temperature is 
raised [Bha01]. The bainite-reaction ceases entirely before all the austenite has 
decomposed. This has been known as the incomplete transformation 
phenomenon [Aar06, Bha01].  
The incomplete transformation phenomenon is explained by Bhadeshia 
considering bainite transformation as a displacive transformation followed by 
subsequent partitioning of carbon into the residual austenite [Bha01, Bha90]. 
The displacive transformation is thermodynamically possible only below the T0 
temperature, where the austenite and ferrite of the same chemical composition 
have identical free energy. T0 is modified to T´0  when considering the stored 
energy of bainite which comes from strain energy due to shape change 
accompanying transformation (Fig. 2.5). It is established by atom-probe 
Chapter 2                                                                          Theoretical Background 
 9 
experiments that substitutional alloying elements do not redistribute during 
bainite transformation. Therefore, only carbon diffusion is involved in the growth 
of bainite. When the first plate of bainite forms without any diffusion, it will reject 
its excess carbon into the remaining austenite during the progress of the 
transformation as a whole. Because the austenite becomes enriched with 
carbon, a stage is eventually reached where it is thermodynamically impossible 
for further bainite to form by displacive transformation. At this point, the 
composition of bainite is given by the T0 curve. If the alternative hypothesis is 
that para-equilibrium exists during all stages of transformation, then the reaction 
would stop when the carbon concentration of austenite is given by the Ae3 curve. 
The transformation is experimentally found to stop when the average carbon 
concentration of the austenite is close to the T0 curve rather than the Ae3 
boundary. Therefore, the transformation remains incomplete in the sense that 
there is no equilibrium between the austenite and ferrite and that the volume 
fraction of bainitic-ferrite does not satisfy the lever rule.  
 
Fig. 2.5 Schematic illustration of the origin of the T0 curve on the phase 
diagram. The T´0 curve incorporates a strain energy term for the ferrite, 
illustrated on the diagram by raising the free energy curve for ferrite by an 
appropriate quantity [Bha01].  
2.4 Alloying Concepts in Steels 
Numerous alloying concepts have been developed for steels in order to adjust 
the desired microstructure and properties. The alloying elements change the 
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thermodynamic stability of the phases and the kinetics of transformations 
whereby the transformation temperatures are shifted, the transformations are 
either promoted or hindered and the phase distribution is altered. Additionally, 
the elements might act as solid solution or precipitation hardeners and affect the 
grain size [Ble02]. Fig. 2.6 depicts how the alloying elements affect the 
transformations during the different processing steps. 
Fig. 2.6 Effect of alloying elements on the transformation behaviour during 
continuous annealing [Ble02]. 
 
Carbon: Carbon is the main alloying element by which all transformations are 
noticeably affected and by which the final microstructure and the mechanical 
properties are controlled. Carbon is the most hardenability enhancer and 
austenite stabiliser [Ble02].  
Silicon: In this work, silicon is the key microstructural element in steel, which 
makes the retention of austenite feasible. Silicon, although a ferrite stabiliser, 
helps to retain carbon-enriched-austenite by suppressing cementite precipitation 
from austenite [Del65, Les78, Ray82]. Increasing the silicon-content results in 
increasing the retained austenite volume percentage (Vγ) as shown in Fig. 2.7 
[Che89]. Silicon also solid-solution strengthens ferrite and thus can enhance the 
overall strength of steel. On the other hand, Sugimoto and Usui [Sug92b] have 
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reported that increasing the silicon-content reduces the retained austenite 
carbon concentration, Cγ. 
Manganese: Manganese increases carbon solubility in austenite, allowing for 
further enrichment, and slows the pearlitic reaction, which allows for a wider 
range of cooling rates. Furthermore, an increase in manganese may 
compensate for any reduction in silicon [Sak91, Shi02]. However, excessive 
levels of manganese can promote carbide precipitation in the austenite [Ble02]. 
Furthermore, Kim et al. have reported that the improvement of austenite 
hardenability because of excessive Mn content (2.52wt% in their studied case) 
results in martensite transformation during cooling after the isothermal bainite 
holding [Kim01]. Manganese, especially in conjunction with silicon, can affect 
the steel's surface chemistry and make hot-dip coating impossible [Mah02a, 
Mak03].  
 
Fig. 2.7 Effects of silicon and phosphorus on retained austenite content 
[Che89]. 
Aluminium: In TRIP steels, aluminium has been cited as being a promising 
alternative for silicon as it inhibits cementite precipitation during bainite 
formation. The most important property is that aluminium does not exhibit the 
negative effects of silicon during galvanising process. As well, there are no 
adverse effects on the surface quality of the steel as there are with Si. However, 
aluminium has a smaller solid solution strengthening effect than silicon. Hence 
strength-ductility balance deteriorates when silicon is completely substituted by 
an equivalent amount of aluminium [Gir01, Jac01a] 
V γ
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Phosphorus: Like silicon, inhibits the formation of carbides. Low additions of 
mass contents less than 0.1 % proved to be sufficient to retard the precipitation 
of iron carbides and to provide a clear enhancement of strength. The beneficial 
effects of phosphorus on the formation and retention of retained austenite can 
only be accomplished together with silicon or aluminium [Ble02]. Although 
phosphorus causes cold work embrittlement in low and ultra-low carbon steels, 
this is not expected to be an issue in TRIP-type steels, as the carbon content is 
usually in excess of 0.1 wt% [Min01]. On the other hand, increasing the 
phosphorus increased the Vγ, especially in the presence of silicon (Fig. 2.7) 
[Che89].  
Niobium: Current practice has placed much emphasis on the study and 
application of Nb addition to high strength low alloy (HSLA) steels, as it is 
deemed the most beneficial microalloying element, since it promotes austenite 
pancaking. It has also been classified as austenite stabiliser when added in 
amounts less than approximately 0.05 wt.% [Bau81]. Niobium is observed to 
increase the Vγ [Ohl02, Zar95]. The positive effect of niobium on Vγ is displayed 
in Fig. 2.8. The high austenite contents are a result of the combination of the 
different mechanisms including grain refinement, carbon enrichment, and 
martensite nucleation inhibition [Ohl02]. Niobium may also result in mechanical 
stabilisation of the small austenite particles [Zar95]. 
Fig. 2.8 Effect of niobium on the Vγ of TRIP steels for different process 
parameters during continuous annealing; composition in wt%: C: 0.17, Mn: 1.4, 
Si: 1.5 [Ohl02]. 
Molybdenum: Although molybdenum lowers the activity of carbon in austenite 
and promotes carbide formation from the thermodynamic point of view, Bleck 
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has reported that the contrary effect is observed in practice. Due to the strong 
solute drag effect, the carbide precipitation is even retarded in the presence of 
molybdenum. Moreover, molybdenum raises strength due to solid solution 
hardening [Ble02] 
Furthermore, Mo has the retardation effect on the austenite transformation to 
both ferrite and pearlite rendering the process control more manageable. 
Capdevila el al. have observed that Mo has the strongest effect decreasing 
pearlite growth rate, when considering their studied alloying concentration 
values. A molybdenum concentration of 0.4 in weight pct. decreases in a 
hundred times the pearlite growth rate as compared with plain carbon steel for 
the same undercooling [Cap05]. 
The additions of molybdenum to niobium bearing steels are reported to bring 
about a further improvement of the combination of strength and ductility and to 
constitute another possibility of lowering the silicon level required [Ble02, 
Bou98]. 
Cobalt: Garcia-Mateo et al. have used cobalt to accelerate the bainite 
transformation in low temperature bainite steel because at the used temperature 
bainite transformation is very slow. This effect of cobalt is due to the fact that 
cobalt increases the free energy change for γ-α transformation [Gar03b]. 
2.5 Characterisation Methods for the Multi-phase Steel-Structure 
2.5.1 Light Optical Metallography 
The recent interest in the multiphase steels, characterised by complex 
microstructures, resulted in new developments in metallographic methods. So 
far, the limitation of using the classical etching techniques is not too detrimental, 
because most low-carbon steel grades possess a quite simple microstructure. 
Conventional etchants such as nital and picral used in the optical metallography 
cannot serve the purpose of phase identification well. Therefore, tint etching 
methods described below are developed for the sake of distinguishing different 
phases:  
a. Heat tinting: Etching with 2% nital and then heating in air at about 260°C for 
3-4 h without protective atmosphere before cooling to RT. With this technique 
the polygonal ferrite and bainitic-ferrite appear beige colour, retained austenite 
purple and martensite dark-blue. This method provides the opportunity to 
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observe the change in austenite/martensite volume fraction, distribution and size 
occurring during tensile testing [Tim02]. 
b. LePera etchant: This etchant is a mixture of two pristine solutions whose 
compositions are 1g Na2S2O5 in 100 ml distilled water mixed with 4 g dry picric 
acid in 100 ml ethanol in a ratio of 1:1. The mixing process should be just before 
the etching process. LePera etchant tint the ferrite blue or brown the bainite 
dark-brown while both of the retained austenite and martensite are white [Lep80, 
Gir98].  
c. Klemm's I: Pre-etching with nital then etching with 50 mL water saturated with 
Na2S2O5 + 1g K2S2O5. Klemm's I etchant stains ferrite light or dark blue, 
martensite brown or black and austenite white [Van84]. 
d. 10% Na2S2O5: Pre-etching with nital then etching with 10% Na2S2O5  in aqua 
solution. This etchant reveals the martensite dark, ferrite off-white, austenite 
white and bainite brown [De03]. 
2.5.2 Scanning Electron Microscope (SEM) 
Microstructural observation with SEM requires first the creation of a topographic 
contrast between the different phases by etching. Nital is generally well adapted, 
because it preferentially etches ferrite while leaving austenite and cementite 
intact. Ferrite-based phases such as bainitic-ferrite and pearlitic ferrite are 
dissolved and exhibit a typical morphology that generally allows their recognition 
(see Fig. 2.9a). The situation becomes more complex when a microstructure 
simultaneously presenting austenite and martensite as second phases is 
considered. By tempering samples at 200°C for 2 h, it becomes possible to 
differentiate the two phases by SEM [Gir98]. During this tempering regime, ε-
carbides precipitate in martensite. Holding in this temperature range results in a 
dispersion of coarse particles within low-carbon martensite grains. Nital etching 
leads finally to the resolution of the martensite substructure, as shown in Fig. 
2.9b. 
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Fig. 2.9a SEM of nital-etched steel. 
Retained austenite and martensite 
exhibit both a smooth and a 
featureless aspect. [Gir98]. 
Fig. 2.9b Isolated martensite grain 
in tempered and nital-etched steel, 
featuring a typical, well-delineated 
substructure [Gir98]. 
 
2.5.3 Transmission Electron Microscope (TEM) 
For the crystal structure and orientation determination TEM is most appropriate. 
It allows reaching a spatial resolution of about 10 nm [Zae04]. It provides the 
possibility of measuring the local carbon concentration which is an important 
measure for stabilisation of austenite [Zha98]. 
2.5.4 Magnetometry 
Magnetic methods, such as polarisation measurements and thermo-magnetic 
analysis, are often used in metallurgical studies. The polarization measurements 
give a relation between measured polarisation (J) and applied magnetic field 
(H). From the polarization measurements, the saturation polarisation (Js) can be 
obtained from the hysteresis curve.  
Hysteresis is well known in ferromagnetic materials. When an external magnetic 
field is applied to a ferromagnet, the ferromagnet absorbs some of the external 
field. Even when the external field is removed, the magnet will retain some field: 
it has become magnetised. 
The relation between the magnetic field (H) and the polarisation (J) is expressed 
in terms of the magnetic permeability:  
 J = µ0 (µr-1) H    (2.1) 
µ0 is known as the magnetic constant or the permeability of vacuum with µ0 = 
4π×10−7 N·A−2. 
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µr is the relative permeability of the material under study.  µr of many materials is 
not constant, but depends on H. For example, in a ferromagnet the permeability 
is increasing with H, inverts at a certain point then decreases significantly. 
Further increase in H will not cause an increase in J as the permeability is too 
small. This is known as the saturation polarisation condition. 
Several equations have been proposed to present the course of magnetisation 
curve at high field strengths in order to calculate saturation polarisation from 
hysteresis. At a field strength considerably higher than coercive force, saturation 
polarisation is sufficiently linear and can be calculated using a Taylor series of 
the dependency of saturation polarisation from magnetic field strength [Pol39, 
Pot90] under neglecting higher order powers.  
 )1( 2 ⋅⋅⋅−−−= H
b
H
aJJ s      (2.2) 
The saturation polarisation of a 100 % pure ferrite specimen is TJ Fes 158.2=  
[Boz78]. If a specimen contains a fraction of austenite, xA, with paramagnetic 
behaviour the saturation polarisation will be decreased by a factor (1- xA):  
            
Fe
sAA JxJ ⋅−= )1(       (2.3) 
Hence, xA can be calculated by comparing the saturation polarisation of the 
specimen with retained austenite AsJ  with data from a 100% ferrite sample or a 
material with a known amount of ferrite, respectively: 
    Fe
s
A
s
Fe
s
A J
JJx −=      (2.4) 
However, the presence of alloying elements in the retained austenite steels 
reduces the saturation polarisation. 
   ∑−=
n
element
nn
Fe
s
alloy
s JxJJ       (2.5) 
In eq. (2.5) xn is the amount of alloying element and Jnelement is the decrease of 
polarisation of 1% of a certain alloying element. Using eq. (2.4) and replacing 
the saturation polarisation of a pure ferrite by the saturation polarisation of an 
alloyed steel the amount of retained austenitic steel can be calculated with  
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2.5.5 X-Ray Diffraction Analysis (XRD) 
X-ray diffraction is a common method for investigating the surface of crystalline 
materials. By determining the lattice spacings (d-spacing) in a sample; hence it 
is possible to extract crystallographic information. Qualitative and quantitative 
phase analysis, strain/stress analysis and quantification of preferred orientation 
(texture) can be performed. In short, a near monochromatic x-ray beam is 
illuminated on a sample. The x-rays are scattered in the sample and a detector 
is used to collect the scattered x-ray intensity. If the x-rays are in phase when 
they hit the detector they will constructively interfere (diffraction), while x-rays 
out of phase will destructively interfere. This is described by Bragg’s law (Fig. 
2.10) which states that if the wavelength of the incident x-rays is known and the 
angle were constructive interference appear is measured, the lattice spacing (d-
spacing) can be determined [Sur98], The d-spacing is determined with Bragg’s 
law: 
 nλ = 2dsinθ     (2.7) 
 
Fig. 2.10 Bragg's law: according to the 2θ deviation, the phase shift causes 
constructive (left picture) or destructive (right picture) interferences. The d-
spacing is determined with Bragg’s law: nλ = 2dsinθ  
 Precise measurement of lattice parameter: In a cubic system (e.g. bcc or fcc), 
the d spacing corresponding to each diffraction line can be related to the lattice 
parameter “a” by:  
a2 = d2/(h2 + k2 + l2)     (2.8) 
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where hkl are the Miller indices. Miller indices are a symbolic vector 
representation for the orientation of an atomic plane in a crystal lattice and are 
defined as the reciprocals of the fractional intercepts which the plane makes with 
the crystallographic axes. Fig. 2.11 describes the series of steps that leads to 
the notation of an atomic plane using Miller indices. Recalling that there are 
three axes in crystallographic systems (except sometimes in the hexagonal 
system adopts a convention where there are four axes). Since the unit cell 
repeats itself in space, the notation actually represents a family of planes, all 
with the same orientation.  
 
Fig. 2.11 The series of steps that leads to the notation of an atomic plane 
using Miller indices. 
Measuring the Bragg angle θ for hkl and using the Braggs law to determine “d” 
allows the calculation of “a”. But it is sinθ, not θ, which appears in the Braggs 
law. Precision in d, or a, therefore depends on the precision in sinθ. For this 
reason the key to precision in parameter measurements lies in the use of back 
reflected beam having 2θ values as near to 180° as possible. The true values of 
“a” should be found simply by plotting measured value against a certain function 
of θ, the extrapolating to θ = 90° results in a very accurate value of “a”. The 
measured values of “a” are plotted against a function of θ, rather than θ, or 2θ 
directly, this function should account for the source of errors. Usually, the largest 
single source of error is the displacement of the sample from the diffractometer 
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axis. This error can be accounted for by extrapolation against cos2 θ/sinθ [Cul01, 
Str95]. Extrapolation against “cos2 θ/sinθ + cos2 θ/θ” is known as Nelson-Riley 
method and use to account for the vertical divergence of the incident beam 
[Cul01, Ang04].  
Quantitative estimation of the retained austenite:  The volume percentage of 
retained austenite (Vγ) could be estimated from measurements of the integrated 
intensities of ferrite and austenite phases assuming they are the only phases 
presented. Thus, if a relative volume percentage of ferrite to austenite, Vα /Vγ, is 
determined it can then be converted to absolute volume percentage with the 
identity:  
Vα+Vγ = 100     (2.9) 
Ratios of volume percentages Vα/Vγ are calculated from the integrated 
intensities Iα and Iγ, which can be determined from the x-ray diffraction pattern 
and constants Rα and Rγ: 
α
α
γ
γ
α
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    (2.10) 
The R-values are constants determined by the particular phase, the particular 
Bragg reflection and the wavelength of the incident x-rays. The calculations of 
the R-values and the I-values at different peaks are most readily done on a 
computer using a spreadsheet program. This will be illustrated in section (3.5.1) 
2.6 Interpreting the Dilatometric Data for Transformations in Steels 
Dilatometry registers the length changes that occur during the heat treatment of 
a sample.  The real-time monitoring of the sample dimensional changes allows 
the study of transformations processes. When a material undergoes a phase 
change, lattice structure changes and this is in principle accompanied by change 
in specific volume. In the case of a pure iron specimen, transformation from 
austenite, which has a fcc structure, into ferrite, which has a less closely packed 
bcc structure causes a volume expansion of about 1.6% [Gom03].  
The Ae1and Ae3 are easily detected by dilatometry during heating or cooling 
cycles, but some hysteresis is observed. Consequently, three values for each 
point can be obtained: Ac for heating, Ar for cooling, and Ae for equilibrium 
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conditions. It should be emphasised that the Ac- and the Ar-values are sensitive 
to the rates of heating and cooling, as well as to the presence of alloying 
elements [Gar02].  
2.6.1 The Transformation Points 
In order to locate the transformation points the linear part of the thermal 
contraction or expansion curve is extrapolated before and after transformation. 
The γ ↔ α phase transformation is defined as the temperature at which the 
thermal contraction/expansion during cooling/heating processes, respectively 
first deviates from linearity. However, the determination of transformation 
temperatures can be subject to errors, particularly since the thermal contraction 
before and after transformation is often not linear, and the dilatometer trace may 
exhibit some degree of curvature [Pri94]. 
In the heating dilatometric curve, normally there is no detectable differentiation 
between the pearlite dissolution process and α → γ  transformation. However, the 
experimental curve in Fig. 2.12a shows an unusual well-formed contraction 
associated with the pearlite dissolution [Gar02]. The possibility of discriminating 
the pearlite dissolution process and the ferrite-to-austenite transformation by 
means of high-resolution dilatometry permits the determination of the Tc 
temperature or starting temperature for ferrite-to-austenite transformation. An 
accurate dilatometric determination of transformation temperatures 
corresponding to the pearlite dissolution process in the steels could only be 
performed when fine-enough pearlite is obtained. The small contraction at 
temperature TD (Fig. 2.12a), after the relative change in length reaches a 
minimum, corresponds to the formation of austenite from some grains of ferrite 
that remains untransformed in the microstructure. As Datta and Gokhale [Dat81] 
found under isothermal conditions, those residual ferrite grains transform almost 
instantaneously at the TD temperature due to a change in ferrite-to-austenite 
transformation kinetics. 
Fig. 2.12b shows the contraction that takes place during the ferrite-to-austenite 
transformation by continuous heating in martensitic stainless steel with an initial 
microstructure of ferrite plus globular carbides (M23C6). These dilatometric 
curves, apart from α → γ  transformation between Ac1 and Ac3 temperatures, 
reproduce a nonlinear length variation associated with the carbide dissolution 
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process. During heating at temperatures above Ac3, there is a continuous 
increase of slope in the curve ∆L/L0 = f (T) that corresponds to the progressive 
dissolution of the carbides in austenite. The point of inflection of this section 
corresponds to the Acc temperature or temperature at which the carbide 
dissolution process ends. 
 
 
 
 
 
Fig. 2.12a Heating dilatation curve of a 
low carbon steel (Fe-0.11C-0.50Mn) 
obtained at a heating rate of 0.05K s-1 
[Gar02].  
Fig. 2.12b Diagram of the heating 
dilatometric response of α-γ 
transformation and the carbide 
dissolution process of martensitic 
stainless steels [Gar02]. 
 
On the other hand, Fig. 2.13 shows splitting phenomena detected in the 
martensitic transformation of X30–45Cr13 and X40–60CrMoV14 stainless steels 
by high-resolution dilatometric analysis [Gar02]. In these steels, the MsII 
represents the temperature at which the splitting above MSI commences. The 
weak intensity of this anomaly indicates that it is produced by the transformation 
of small amounts of austenite and does indeed correspond to the volume 
increase produced during the martensitic transformation of areas of austenite 
poor in carbon and carbide- forming elements.  
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 This type of splitting is generally 
explained in terms of carbide 
precipitation during cooling. The MSo 
represents the temperature at which 
the splitting below MsI commences. 
The small expansion anomaly 
identifying this stage (Fig. 2.13) 
indicates that it is also associated 
with a partial transformation, namely, 
the martensitic transformation of 
areas of austenite more concentrated 
than the massive austenite. 
Fig. 2.13 Dilatometric representation 
of the splitting phenomena in the 
martensitic transformation [Gar02]. 
2.6.2 Quantitative Interpretations: Isothermal Bainite Transformation 
A lot of attempts to provide methods for quantitatively relating length change to 
the extent of transformation have been proposed. For the transformation of 
austenite (γ) into a mixture of bainitic-ferrite and carbon-enriched austenite 
during isothermal holding, Takahashi and Bhadeshia [Tak89] have shown that 
the relative length change ∆L/L0, can be related to the volume fraction of 
bainitic-ferrite (Vb) by: 
3
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γγα −−+=∆ ,    (2.11) 
where aα is the lattice parameter of ferrite at the reaction temperature, aγ is the 
lattice parameter of austenite at the reaction temperature at any stage of the 
reaction and aγ0 is the lattice parameter of austenite at the reaction temperature 
before the reaction. 
aα = aαr [1+Iα (T-25)] 
aγ0 = aγr ( x ) [1+Iγ (T-25)] 
aγ = aγr (x) [1+Iγ (T-25)] 
where T is the reaction temperature (°C), Iα and Iα are the linear thermal 
expansion coefficients of ferrite and austenite, respectively (K-1), aαr is the lattice 
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parameter of ferrite at the ambient temperature, aγr ( x ) is the austenite lattice 
parameter at the ambient temperature as a function of the average carbon 
content of the steel.  aγr (x) is the austenite lattice parameter at the ambient 
temperature as a function of the carbon content of residual austenite at any 
stage of the reaction. aγr ( x ) and aγr (x) can be calculated using ref. [Pea67]. x 
which is the carbon content of residual austenite at any stage of the reaction can 
be calculated from the equation:  
b
b
V1
sV
−
−= xx ,     (2.12) 
where s is the total carbon of the ferrite. Fig. 2.14 represents the relationships 
among volume fractions transformed and corresponding relative length changes 
during isothermal transformation at 420°C to ferrite with 0.03wt % carbon, to 
super-saturated ferrite with 0.2 wt% carbon and also during isothermal 
transformation at 370°C to ferrite with 0.03wt % carbon for steel Fe-0.3 wt%C-
4.08 wt% Cr. 
 
Fig. 2.14 Length change as a function of volume fraction of ferrite, during 
isothermal transformation of austenite at the prescribed temperature T assuming 
the ferrite carbon content “s” - for steel Fe-0.3 wt%C-4.08 wt% Cr [Tak89]. 
 
2.6.3 Quantitative Interpretations: Non-Isothermal Kinetics 
For the non-isothermal transformation kinetics, a common method to determine 
the remaining austenite-fraction as a function of temperature is to extrapolate 
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the linear expansion behaviour from the temperature regions where no 
transformations occur, and to subsequently assume a proportionality between 
the fractions decomposed austenite and the observed length change. This 
method is referred to as the lever-rule method. The lever rule is applied as a 
quick method for estimating the transformed phase amount during cooling and 
heating [Pan95, Mah02b, Pal07]. However, in the case of carbon steel the lever 
rule does not give an accurate transformed phase amount because it does not 
take into account that the carbon redistribution between the forming ferrite and 
the remaining austenite, increases the specific volume of austenite and also that 
the formation of pearlite has a distinctly different volume effect to the formation 
of ferrite [Gom03]. Furthermore, for a multi-step phase transformation, Zhao et 
al. [Zah01a] reported that the lever rule is not applicable to the interpretation of 
the dilatation curve due to the large resulted committed-error.  Many researches 
have been done using several calculation methods in order to avoid the errors 
that arise if the aforementioned aspects are not taken into account [Zha01a, 
Zha02b, Kop01, Gar98]. Fig. 2.15 represents an example comparing the fraction 
curves obtained from the lever rule and two suggested methods. 
  
Fig. 2.15a Fraction curves obtained 
from lever-rule and Kop et al. 
method at given cooling rate 
[Gom03]. 
Fig. 2.15b Fraction curves obtained 
from lever-rule and Zhao et al. 
method at given cooling rate 
[Zha01a]. 
 
In general, the lever rule always gives a higher ferrite percentage than that 
which is really obtained, irrespective of the steel’s carbon content, since it 
cannot distinguish between the dilatation experienced by the specimen due to 
the formation of ferrite and the dilatation experienced by the austenite due to 
progressive carbon enrichment. 
Cooling Rate:
 5 °C/s 
Zaho et al. 
Temperature, °C 
1-
f γ 
Temperature, °C 
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Chapter 3 
Experimental Methods and Details 
3.1 Production of the Materials 
All alloys were melted in a high frequency furnace in the laboratory. The 
chemical analysis of the investigated alloys is given in Tab. 3.1. The selection of 
the compositions was based upon current researches and understanding in the 
field as will be described in the next chapters.  
Tab. 3.1 Chemical composition of the steel used (wt%) 
Steel C Si Mn Al Mo Co Cr Nb P S N 
A1 0.278 0.852 1.48 0.228 0.401 - - 0.041 0.037 0.020 0.006
A2 0.254 0.869 1.37 0.643 0.383 - - 0.040 0.030 0.021 0.008
B1 0.420 1.50 2.37 0.820 0.250 1.40 1.41 - 0.044 0.013 0.005
B2 0.565 1.52 2.02 0.654 0.239 1.59 1.21 - 0.042 0.014 0.007
3.2 Heat Treatment 
The heat treatment cycles were conducted primarily in two salt baths, one for 
the annealing followed by one for austempering. The heat treatment parameters 
have been selected according to the thermodynamic calculations and 
dilatometric measurements as will be described later. The annealing is 
performed in Durferrit GS 540/R2® and austempering in Durferrit AS 140® salt 
baths. The inertor R2 had been added to prevent any oxidation or 
decarburisation during the austenitisation process. 
3.3 Dilatometry 
Dilatometric experiments were conducted on a Baehr dilatometer “DIL 805A”, 
which has a resolution of 0.05m/0.05K. The dilatometer uses the induction 
heating principle and can work under vacuum, air and inert gas. The test 
specimens had been degreased using an acetone solvent. Sheathed type S 
“Pt/Pt-10% Rh” thermocouple wires with a nominal diameter of 0.1 mm had 
been individually spot welded to the specimen’s surface in central position using 
a welding jig. Each specimen was held between two quartz rods, with one of the 
rods fixed, and the other connected to a linear variable differential transducer 
(LVDT) as shown in Fig. 3.1. A reference rod is also connected to the LVDT. 
The dimension variations of the specimens during the thermal cycle are 
Chapter 3                                                         Experimental Methods and Details 
 26
transmitted via the moving quartz pushrod to the LVDT sensor. After placing the 
sample between the pushrods, the insulating sheaths on the thermocouple wires 
had been moved along the thermocouple wires until they contacted the 
specimens’s surface. This step is essential to prevent undesirable heat loss and 
to avoid contact between the two thermocouple wires [Ast04]. The thermal 
cycles had been performed under vacuum of 5×10-5 mbar. Helium gas was used 
for cooling. The dilatometric curves had been recorded along the thermal cycle 
with the help of a computer-data acquisition system.  
 
Fig. 3.1 Schematic view of the measurement system in “DIL805A” dilatometer. 
 
Although the induction heating has not direct effect on heating the push rods, 
their temperature do not remain constant during the measurement due to 
thermal conductivity effects from the sample. Due to the small expansion 
coefficient of quartz, 0.5×10-6K-1 (the expansion coefficient of steel is 
approximately 14×10-6K-1), the contribution of the push rods to the measured 
length is negligible.   
3.3.1 Independent Check of the Temperature Measurements 
The Curie temperature (TCU) can be measured during heating by monitoring of 
the HF-power. This provides a means to have an independent absolute 
temperature reference, since a ferromagnetic material with T < TCU is more 
easily heated by induction than a paramagnetic material. Therefore, a distinct 
increase in the power required to keep the sample at the scheduled temperature 
appears when the sample transforms from the ferromagnetic to the 
LVDT 
Reference Rod  
Fixed Rod  
Moving Rod 
Sample 
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paramagnetic state. The Curie temperature of steel is known to be almost 
independent of the carbon concentration, but it depends strongly on the 
manganese concentration. This dependence can be expressed by the relation  
TCU = [769°C - xMn×1500]°C,   (3.1) 
 where xMn is the manganese weight fraction [Kop01]. Fig. 3.2 gives three 
examples of such internal temperature checks. The steel A2 contains 1.37 wt% 
Mn (Tab. 3.1), which implies that CT = 748.5°C. Steel B1 and B2 with more 
manganese contents of 2.37 and 2.02 wt.%, have lower Curie temperature, 
namely 733.5°C and 739°C, respectively. The temperatures at which the heating 
power jumps during the measurements indicate that the dilatometer temperature 
measurement system yields correct absolute temperature values. 
 
Fig. 3.2 The change in the required high frequency (HF) power required to 
follow the temperature for the samples A2, B1 and B2.  
3.4 Metallographic Investigations 
The Micrographs were taken perpendicular to the transverse-deformation 
direction. The specimens were prepared by mechanical grinding followed by 
polishing up to a 0.25 µm-grade alumina solution. In order to reveal phases and 
grain boundaries, two etchant methods were used, namely, 2% nital and 
LePera’s etchant. The LePera’s etchant composed of two parts: 
1- 1 grams of sodium metabisulfite + 100 mL distilled water. 
2- 4 grams of picric acid + 100 mL ethyl alcohol. 
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The two components are kept separate until use when they were mixed together 
in equal parts by volume [Lep80, Gir998]. Etching time was between 20 and 
30s. After etching, the samples were rinsed with ethyl alcohol and dried under a 
warm air drier. LePera’s etchant stains ferrite brown and/or blue, bainite dark-
brown to grey, while martensite and austenite remains white. Quantitative 
analysis of the photomicrographs was performed using image analysis software 
“Analysis Five”®.   
SEM investigations of selected specimens were also conducted on a CamScan 
Series 4 device. For these investigations the samples were mechanically 
prepared as described above before being deep etched in nital. 
3.5 XRD Investigations 
The x-ray diffraction (XRD) was used to measure the volume percentage of 
retained austenite, Vγ, and its carbon content, Cγ. Prior to x-ray examination the 
samples had been mechanically ground, polished and then lightly etched with 
nital to remove the distorted thin layer resulting from the metallographic 
preparation procedure. Siemens D5000 Diffractometer, which has goniometric 
diameter of 600 mm, was used for the investigations. Data collection is 
performed under computer control using the Diffrac Plus software application. 
The experiments were conducted using Fe-filtered Co-Kα radiation at 40 kV and 
40 mA. The peak intensities of the whole patterns were collected by the step 
scanning technique utilising small step size of ∆2θ = 0.025° and a period of 3s at 
each fixed value of 2θ in the range between 48°-130°.  
3.5.1 Austenite Volume Fraction 
The Vγ was measured using the integrated intensity from (111), (200), (220) and 
(311) austenite diffraction peaks and from (110), (200), (211) and (220) ferrite 
diffraction peaks. Eq. 2.10 was used to determine the ratio Vγ /Vα. For four 
reflections per phase, the Iα/Rα and the Iγ/Rγ were determined from equations:
     ∑
=
γ
γ
γ
γ =
4
1i i
i
R
I
4
1
R
I
    (3.2a) 
∑
=
α
α
α
α =
4
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R
I
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R
I     (3.2b) 
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Once the ratio “Vγ / Vα” is found, the value of Vγ can be obtained from eq. (2.9). 
The sequences required to calculate the positions, 2θ, and relative intensities, 
Rα and Rγ, values are illustrated in Tab. 3.2, with:  
Column 1: Miller indices of the diffraction planes in the fcc and bcc phases (c.f. 
2.11).  
Column 2: Needed for further calculations. 
Column 3: Values of sin2θ are given by the equation:  
sin2θ = 2
2
a4
λ (h2+k2+l2)    (3.3) 
which is actually a substitution of eq. (2.8) in eq. (2.7). For the current study, the 
used CoKα radiation has a wave length λ = 0.17890 nm. The austenite lattice 
parameter is aγ = 0.35730 nm and the ferrite lattice parameter aα = 0.28665 nm. 
Column 4: Expected positions of the peaks in the diffraction pattern. 
Column 5: Needed for further calculations. 
Column 6: The Lorentz-polarisation factor Lp = θθ
θ+
cossin
2cos1
2
2
  
Column 7: The atomic scattering factor of iron, ffe, is obtained from appendix 10 
of Ref. [Cul01] using the input value of λ
θsin . 
Column 8: According to Ref. [Cul01] p. 139, the structure factor, F, can be 
obtained as follows: 
For the fcc, γ phase, as at all reflection planes all the three sums (h+k), (h+l) and 
(k+l) are even integers, then F = 4ffe.  
For the bcc, α phase, and as all the (h+k+l) are even integers then F = 2ffe. 
Column 9: The multiplicity factor, ρ, obtained for the cubic system from appendix 
11 of Ref. [Cul01]. 
Column 10: The temperature factor of iron at 20°C is obtained from the Fig. 3.3 
using λ
θsin  input value [Cul01]. 
Column 11: The R is obtained from the eq. [Cul01-p. 352]: 
[ ] )e(LF)1( R M2p22 −ρν=     (3.4) 
i.e. the yield of multiplying columns 6, 8,9 and 10 divided by the squared volume 
of the unit cell, v2. 
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Fig. 3.3 Temperature factor e-2M of iron at 20°C as a function of (sinθ)/λ [Cul01-
p.155] . 
3.5.2 Austenite Carbon Content 
The retained austenite carbon content, Cγ, was calculated via lattice parameter 
measurements and eq. [Str05, Cul01]: 
Cγ=(aγ-0.3555)/0.0044    (3.5) 
Where aγ is given in nm and Cγ in mass%. 
The observed 2θ values of the austenite peaks were used to calculate the d 
spacing using eq. (2.7) (Bragg’s law) and then the aγ using eq. (2.8). The values 
were plotted against cos2θ/sinθ. The precise lattice parameter, aγ, is determined 
by extrapolation to cos2θ/sinθ = 1 [Str05, Cul01].  
3.6 Magnetic Measurement 
During the present study magnetometry was the preferred method for obtaining 
the retained austenite volume fractions. The advantages of this technique are 
that the measurement is performed on the whole volume, the specimens do not 
need a special preparation and the measurements are fast, reliable and more 
sensitive to the retained austenite than the x-ray diffraction method [Wir02, 
Zha01b]. However, in some cases due to the limits imposed by the small size of 
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the samples (e.g. dilatometric samples), it was not possible to use this technique 
for measuring the amount of retained austenite. Still the XRD technique is 
utilisable.  
Fig. 3.4 shows a schematic view of the magnetic measurement system. A 
detailed description of the hysteresis recorder is described elsewhere [Pot90, 
Ram01]. A specimen is exposed to an alternating magnetic field of magnetising 
frequency fmag=1 Hz which is generated by a GPIB controlled wave form 
generator (Philips PM 5191), amplified by a power amplifier (DCP 260/60-C, 
Servowatt Renz Elektronik, Gerlingen, Germany) and fed to the field coils. The 
generated magnetic flux density B=µ0µr⋅H (µ0: permeability of vacuum; µr: 
permeability of test specimen; H: magnetic field) includes not only magnetic 
properties of the sample but also magnetic properties of vacuum respective air. 
To eliminate this part of the induction an identical coil system is connected in 
series (compensation coils). The induction coils are connected anti-parallel to 
get a resulting signal which only delivers the change of the magnetisation in the 
sample and therefore, directly the polarisation J of sample is measured. The 
signal at the field coils and the induced signal of the induction coils are tapped 
and stored by a two channel analogue digital converter sampler (ADC, Dirkes 
GmbH, Telgte, Germany). The measured and time fitted signals are sent via 
RS232 to a computer and evaluated. A maximum magnetic field of 
approximately Hmax = 45 kA/m was applied to the sample, the saturation 
polarisation, JS, was determined using eq. (2.2). 
The amount of retained austenite can be calculated by comparing the saturation 
polarisation of the specimen with retained austenite ( AsJ ) with that of an 
austenite-free specimen containing the same amount of alloying elements 
(Jsalloy), using eq. (2.6). 
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Hysteresis recorder
 
Fig. 3.4 Schematic view of the hysteresis recorder. 
The austenite-free specimens of the alloys A1 and A2 have been prepared by 
heating the specimens to a temperature of 950°C holding there for 20 min and 
then very slow cooling, by switching off the furnace, to RT. The cooling rate did 
not exceed 1.5 K/min. The measured  Jsalloy  for alloy A1 and A2 were 1.973 T 
and 1.948 T, respectively. On the other hand, the Jsalloy  values can be 
theoretically calculated using a linear function of the weight percent alloying 
additions, rather than measuring saturation on a reference sample (see eq. 
(2.5)). For that, the elementnJ  are described elsewhere [Tra02, Boz78]. The 
measured and calculated values for alloys A1 and A2 are listed in Tab. 3.3. Fig. 
3.5 shows a representative example comparing the hysteresis curve of austenite 
free sample with the one having 18.4% retained austenite. 
Tab. 3.3 Measured and calculated Jsalloy (T)  
 Jsalloy (measured) Jsalloy (theoretical) [Tra02] Jsalloy (theoretical) [Boz78] 
A1 1.973 1.997 1.895 
A2 1.948 1.984 1.881 
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Fig. 3.5 The change in the hysteresis curve obtained due to the variation of the 
austenite content from 0% to 18.4% of alloy A1. 
3.7 Mechanical Testing 
The materials were machined to the required specimen size and geometry prior 
to heat treatment. This was done to avoid transformation of retained austenite to 
martensite due to machining forces. Standard tensile specimens according to 
ASTM, subsize E8-03, with a width of 6.35 mm and a gauge length of 25.4 mm 
were machined in transverse to the rolling direction from the cold rolled bands. 
For the compression samples the same dimensions of the dilatometric sample 
were used (D5×10mm). 
The tensile and compression tests were conducted in a computerised universal 
testing machine (UTS) with a cross head speed of 5 mm/min during tension and 
1 mm/min during compression. 
3.8 Thermodynamic Calculations 
All the thermodynamic calculations were performed using the program Thermo-
Calc using the database TCFE3 and considering the phases ferrite, austenite 
and cementite. 
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Chapter 4 
Cold Rolled TRIP-steel: Results and Discussion 
4.1 Introduction 
The remarkable strength-ductility balance in TRIP steel results from the 
occurrence of the transformation induced plasticity (TRIP) phenomenon during 
deformation [Zac67]. The co-existence of austenite with a certain stability in the 
microstructure is of vital importance for the occurrence of this phenomenon and 
hence for the achievement of the desired properties. Retention of austenite is 
usually obtained by the combined effect of chemical composition and typical 
heat treatment. In this respect, adding large amount of silicon to TRIP steel 
ensure that cementite precipitation is not likely to occur in the microstructure 
during the formation of bainite [Mat87]. The absence of cementite ensures that 
the carbon will enrich the austenite rather than forming cementite plates. 
Therefore, after the course of bainite transformation, by further cooling the 
austenite is stabilised to RT. Jeong et al. concluded that austenite retention in 
these low-alloyed steels is almost impossible with silicon concentrations much 
below 1 wt% [Jeo92]. 
However, the high Si levels that are needed do not fit the industrial practice of 
flat products that is because: 
1- Steel with more than 1% Si has the drawback of poor Zn coating quality after 
continuous galvanising due to the presence of Si-Mn oxides on the strip surface 
[Mak03].  
2- The high Si-content of steel results in the formation of red scales in form of 
bands. After pickling the oxides are completely removed but the band remains 
visible on the surface of the pickled steel [Mar01].  
As a consequence, studies have been performed on other elements that can 
play the role of silicon. Presently, aluminium seems to be the most promising 
candidate for substitution of silicon. However, together with the fact that high 
aluminium  content in steel causes serious casting problems, a full substitution 
of silicon by equivalent amount of aluminium leads to a marked deterioration of 
the strength-ductility balance [Gir01, Jac01a]. De Cooman [Dec99] proposed 
that silicon can best be partially replaced by aluminium with increase in the 
carbon content. Bleck also suggested that the combination of silicon, aluminium 
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and phosphorus can be considered as a reasonable compromise and could be 
the most important alloying concepts for low alloyed TRIP steels [Ble04]. 
However, hardly any source can be found in literature about the effect of the 
aluminium-content, as a unique varying element, on the phase transformation 
and mechanical properties of the TRIP-aided steels. De-Meyer et al. [Mey99] 
and E. Emadoddin et al. [Ema06] presented some results about Si-Al alloyed 
TRIP steels. However, their comparison of the amount of phases and the 
mechanical properties is misleading since the carbon content was different in 
their alloys. Carbon is the main alloying element by which all transformations are 
noticeably affected and by which the final microstructure and the mechanical 
properties are controlled [Ble02]. On the other hand, without changing the alloys’ 
carbon-content, Jacques et al. [Jac01a] studied the effect of partial substitution 
of Si by Al. However, in the latter source the Si content was variant. 
4.1.1 Aim of the Study 
This study is to enlighten the influence of varying the Al-content together with 
the prior hot-rolling conditions and heat treatment parameters on the 
microstructure and mechanical properties of the cold-rolled Mn-Si-Al TRIP-aided 
steel alloyed with Mo-Nb. 
4.2 Investigated Materials 
The Si-Al-Mo-Nb steel studied in this work was laboratory produced. The two 
alloys studied here, A1 and A2, differ by their Al content. The chemical 
composition is given in Tab. 3.1. The alloys contain Mo and are microalloyed 
with Nb. Nb in solid solution has been found to improve the TRIP properties; Mo 
retards the precipitation of Nb(C, N), thus potentially improving the effectiveness 
of Nb as a TRIP enhancer [Bou98, Jia02]. Furthermore, Mo has the retardation 
effect on the austenite transformation to both ferrite and pearlite rendering the 
process control more manageable [Cap05]. 
4.3 Hot Rolling Conditions 
4.3.1 Estimation of TnRX 
When dynamic recrystallisation (DRX) takes place during deforming a material, 
e.g. rolling process, grain size is determined by the steady state flow stress. 
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Whenever the critical strain εc for the onset of DRX is reached and exceeded 
during hot deformation, a metadynamic recrystallisation (MDRX) takes place 
after interruption of straining, consequently coarsening the austenite grains. If 
deformation is interrupted before reaching the strain εc and if temperature is high 
enough, then static recrystallization (SRX) takes place. By deforming the 
material in the recrystallization region the austenite grains are being refined. 
This is important because the grain size of the austenite strongly affects both, 
the kinetic of subsequent γ →   α  transformation and the ferrite grain size, 
namely smaller austenite grains consequently lead to the refinement of ferrite 
grains. When deformations are applied at temperatures below the temperature 
of non-recrystallization TnRX the austenite grains become elongated and 
deformation bands are introduced within the grains. The process is called 
pancaking. As the amount of deformation in this region increases, the number of 
nucleation sites at the austenite grain boundaries and within austenite grains 
increase. Because of that, γ →   α  transformation from deformed austenite 
yields in much finer ferrite grains than that from recrystallized, strain-free 
austenite. Therefore TnRX is a very important parameter and its determination 
represents a crucial step in designing rolling schedules. Accordingly, the present 
hot rolling schedules have been selected according to this temperature. 
TnRX can be determined by the method proposed by Jonas and co-workers 
[Kar95, Bai93] which is based on multi-stage torsion test. In the present work we 
used this method, but the deformation was conducted by means of multistage 
compression test. Since the maximal strain of Bähr 805D deformation 
dilatometer is 1.2, six strain steps were selected each one of them ϕ = 0.2 with a 
strain rate 
.ϕ  = 6 s−1. The stress-strain curves obtained are shown in Fig. 4.1 
and indicate that the level of stress depends on deformation temperature. Stress 
increases as temperature decreases, but this increment is higher at the last two 
deformation steps. On the other hand, there is higher work hardening rate 
observed on these two curves. 
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Fig 4.1 The true strain-true stress curves obtained in six-stage compression test 
for determination of the TnRX temperature at a strain rate of 6 s-1 and 
temperature sequence denoted on the figure  (a) alloy A1 (b) alloy A2. 
 
The procedure of determination of TnRX consists of calculating of mean flow 
stress, MFS, that corresponds to each deformation step. MFS is the area under 
the given stress-strain curve for selected interval divided by pass strain. The 
mean flow stresses for all the deformation steps have been calculated by 
numerical integration and the results are plotted as a function of inverse 
absolute temperature on Fig. 4.2. 
From this graph the value of TnRX can be determined by finding the intersection 
between the regression lines of the points that corresponds to each part of the 
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curve with two different slopes (cf. Fig. 4.2). The estimated values of TnRX from 
Fig. 4.2 are 864.7°C and 885.7°C for alloys A1 and A2, respectively.  
 
 
 
Fig 4.2 Dependence of the MFS on the inverse absolute temperature for alloys 
(a) A1 and (b) A2. 
4.3.2 Hot Rolling Schedules 
With these estimated temperatures, the deformation part for the schedules was 
determined in such a way that all the three possibilities were covered, namely all 
deformations conducted above the TnRX, deformations below TnRX and and 
deformations mixtures of below and above TnRX. A schematic representation of 
the employed schedules is given in Fig 4.3. The schedule resulted in 
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microstructure formed from the recrystallized-austenite is denoted by “R”, 
whereas that resulted in microstructure formed from pancaked-austenite is 
denoted by “P”. The “RP” schedule is for the microstructure resulting from the 
recrystallized- and then pancaked-austenite. 
 
Fig. 4.3 Schematic representation of the employed hot rolling schedules. 
A reheating temperature of 1250°C was selected to dissolve the Nb in solution. 
This temperature is sufficient to dissolve the entire Nb in solution as it is clear 
from the relevant solubility versus temperature curve, which was calculated 
using Thermo-Calc (cf. Fig. 4.4). The hot rolling took place in four passes from a 
thickness of 19 mm to 4 mm and with a true strain value ϕ  = 0.38 at each pass. 
During the final cooling of the hot rolled strips in air, the temperature was 
continually monitored using a pyrometer. It took between 20 to 31 min to cool 
the strips from the finish rolling temperature to 400°C. The scales then were 
removed from the slabs using shot-blasting before being cold rolled to a 
thickness of 2.5 mm. 
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Fig. 4.4 Dependence of the amount of Nb that goes under equilibrium into 
solution on the reheating temperature. 
 
Fig. 4.5 and Fig. 4.6 show the microstructure obtained after the different hot-
rolling schedules. As can be seen, acicular ferrite is dominant with polygonal 
ferrite. The acicular ferrite matrix is characterised by its non-equiaxed ferrite 
grains. A remarkable characteristic of this type of microstructure is that it 
possesses a unique and irregular configuration, which has various size grains 
distributed in a chaotic manner with random orientations. The polygonal ferrite 
grains are equiaxed with different average sizes dependant on the applied 
rolling schedule.  
Tab. 4.1 compares the ferrite contents (Fer. %) and their grain sizes (df) being 
observed due to the different hot-rolling schedules for both alloys. The higher 
ferrite content of steel A2 can be explained by its lower hardenability. That is 
because the increase in the Al-content results in shifting the ferrite-nose of the 
CCT diagram towards lower time (cf. Fig. 2.6). It is also observed that the 
hardenability is sensitive to deformation temperature. Decreasing the 
deformation temperature decreases the steel hardenability and hence the ferrite-
content increases by moving the deformation schedule towards lower 
temperature. 
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Fig. 4.5 Structure refinement as a result of applying different rolling schedules 
on alloy A1- microstructures (“a” and “b”), (“c” and “d”) and (“e” and “f”) resulted 
from applying schedules R, RP and P, respectively (etchant: nital). Micrographs 
taken at the middle section of the hot-rolled material (AF: acicular ferrite). 
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Fig. 4.6 Structure refinement as a result of applying different rolling schedules 
on alloy A2- microstructures (“a” and “b”), (“c” and “d”) and (“e” and “f”) resulted 
from applying schedules R, RP and P, respectively (etchant: nital). Micrographs 
taken at the middle section of the hot-rolled material. (AF: acicular ferrite). 
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Tab. 4.1 Effect of hot-rolling schedule on the ferrite percentage (Fer. %) and 
ferrite grain size (df) µm for alloys A1 and A2. 
R RP P       Sched. 
Alloy     Fer. % df Fer. % df Fer. % df 
A1 40.8 8.1 52.3 6.8 61.2 4.5 
A2 52.1 8.9 65.3 7.0 78.2 4.4 
 
On the other hand, the variation in the ferrite grain size with varying the hot-
rolling schedule is due to the difference in the morphology of the austenite 
grains from which the ferrite is formed. For the P-schedule the grains are 
produced from work hardened (pancaked) austenite through austenite to ferrite 
transformation. The sizes of these ferrite grains are smaller than those produced 
from the recovered and recrystallized austenite grains of the R-schedule. It is 
well known that ferrite tends to nucleate at the austenite grain boundaries 
[Bra77, Bel04]. Thus, the ferrite grain size developed after the transformation 
strongly depends upon the austenite grain structure that appears just before the 
start of transformation. During straining austenite in non-recrystallization region, 
deformation bands, and twinning boundaries form and the dislocation density 
inside austenite grains is greatly increased which provided favourable nucleation 
sites and enhanced nucleation rate. The grain refinement effect of deformation 
in the non-recrystallisation region is greater than that in the recrystallisation 
region [Qu02, Egh06]. The higher austenite decomposition kinetics causes the 
faster nucleation rate of ferrite.  Non-recrystallized austenite transforms to ferrite 
at a faster rate than recovered or recrystallized austenite owing to two effects 
[Egh06]:  
(1) the higher internal energy of the deformed and thus less stable austenite  
(2) the larger number of nucleation sites provided by defects.  
4.4 The Intercritical Annealing Conditions 
During the current investigation the transformation kinetics had been studied 
using the dilatometer. All the dilatometric measurements were performed using 
2.5×5×10 mm samples. Unless mentioned, the dilatometric tests were 
performed on samples from cold-rolled strips of the RP-materials.  
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4.4.1 Continuous Heating Transformation (CHT) 
In order to define the intercritical region, dilatometric measurements were 
applied by heating specimens up to 1100°C. Increasing the heating rate resulted 
in increasing the Ac1 as well as Ac3 as shown in Fig. 4.7.  
 
 
 
 
 
 
 
Fig. 4.7 Dilatation versus temperature curves observed during continuous 
heating for alloys (a) A1 (b) A2.  
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The Ac1 and Ac3 temperatures are plotted in the continuous heating 
transformation (CHT) diagram in Fig. 4.8. These data indicate that the heating 
rate exerts a stronger influence on the finish temperature, when all the ferritic 
phase is exhausted, than on the start temperature at the beginning of carbide 
dissolution. On the other hand, the dependence of transformation temperature 
on the heating rate is decreasing as the heating rate decreases. For the very 
slow heating rate the Ac1 and Ac3 are independent on the heating rate. This 
feature is associated with the transformation temperatures under equilibrium 
Ae1 and Ae3 which depend only on the chemical composition, i.e. independent 
on the heating or cooling rates [Gar02]. An inference is that at the heating rate 
where the transformation temperatures start to be independent on the heating 
rate, the Ac1 and Ac3 are closed to the Ae1 and Ae3. In this context fine grain 
size resulted from the hot- and cold-rolling processes favour the transformation 
process in such a way that very slow heating rate, slower than 0.05 K/s, is not 
required to trace the equilibrium points. This is because the greater density of 
nucleation sites, resulted from the fine grained structure, enhances the 
transformation kinetics. 
 
Fig. 4.8 The CHT diagram of alloy A1 and A2. 
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4.4.2 Phases in Equilibrium 
From the variation of the relative change in length as a function of temperature 
the formed austenite fraction (fγ) were calculated employing the lever rule. The 
results for both steels are shown in Fig. 4.9. Depending on the previous 
discussion, for better tracing of the equilibrium points, the dilatation curve of the 
0.05 K/s was used for these calculations. 
 
Fig. 4.9 Dilatation versus temperature curves observed during continuous 
heating together with the calculated formed austenite fraction (fγ).  
Fig. 4.10 compares the measured formed austenite fraction with that one 
predicted using the Thermo-Calc TCW3 software. The predicted dependence of 
the ferrite and cementite on the temperature is also shown in this figure. During 
the continuous heating of steels, it is reported that the transformation takes 
place starting by growth of austenite into the carbide rich areas and then 
subsequently by growth of austenite into ferrite and redistribution of carbon 
between the former and the latter [Jeo85, Dem02]. For both of the predicated 
and measured transformation kinetics, a clear demarcation of the two steps can 
be seen in Fig. 4.10. The change in slope of the line representing the 
dependence of fγ on the annealing temperature corresponds to the change in the 
mechanisms of austenite formation. 
On the other hand, at the beginning of transformation (near to Ae1), the 
measured kinetics is slower than the predicted one, for both alloys. However, 
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this difference decreases gradually with increasing the transformation 
temperature. The predicted and the measured transformation kinetics are almost 
identical at the end of transformation near to Ae3. The reason for this difference 
could be the sluggish kinetics of austenite formation at low temperature near to 
Ae1 [Dem02]. 
  
 
Fig. 4.10 The solid lines represent the predicted dependence of the phases in 
equilibrium on the annealing temperature (calculated using Thermo-Calc). The 
dashed line represents the measured one for the γ-phase. (a) alloy A1 (b) alloy 
A2. 
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4.5 Heat Treatment and Microstructure Formation  
The intercritical annealing temperature was chosen on the basis of the 
dilatometric measurement shown in Fig. 4.10. A phase content of 70%, 50 % 
and 30% polygonal ferrite (PF) was required at the end of intercritical annealing. 
In equilibrium conditions this phase distribution is obtained in the intercritical 
annealing temperatures (TA) shown in Tab. 4.2. For the heat-treatment 
processes the salt baths mentioned in section 3.2 were used. The intercritical 
annealing temperatures listed in Tab. 4.2 were implemented in combination with 
austempering temperatures, TB, of 365°C, 400°C and 435°C. After 
austempering the samples were quenched into water. 
Tab. 4.2 Intercritical annealing temperatures (TA) for alloys A1 and A2 (°C) 
 70% PF 50% PF 30% PF 
A1 742 768 800 
A2 770 810 849 
 
4.5.1 Microstructure Evolution 
Microstructural evolution of both alloys intercritically annealed for 8 min at the 
temperature corresponding to PF content of 30% (Tab. 4.2) was studied along 
isothermal holding at 400°C. Depending on the bainitic holding time, various 
mixtures of bainite, martensite and retained austenite can be found in the 
microstructure after quenching.  Figs. 4.11 and 4.12 illustrate the different 
microstructures with micrographs corresponding to bainite holdings of 60, 120, 
300 and 480s. The LePera etchant revealed the ferrite blue or light brown 
bainite brown while the martensite and the retained austenite (A/M) remained 
white. During the bainite holding the intercritical austenite progressively 
transforms to bainite, bringing about a larger stabilization of austenite. According 
to the stability of the austenite, a certain part retains at RT, whereas the 
remaining part transforms to martensite. For both retained austenite and 
martensite appeared in white colour, the white areas of Figs. 4.11 and 4.12 
represent the non-transformed austenite during the bainite holding stage. 
Accordingly, the gradual decrease in the white area of the figures corresponds 
to the progress of the bainite-reaction. 
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In addition to the metallographic investigations, the retained austenite volume 
percentage (Vγ) was measured using the magnetic method for the different 
intercritical annealing conditions along the isothermal holding at 400°C.  Fig. 
4.13 shows the Vγ as a function of the austempering time for the two steels. This 
figure shows that the Vγ  decreases by increasing the austempering-time. It is 
also noted that for the steels intercritically annealed to 30% and 50% PF-
contents, the dependence of the Vγ on the austempering-time decreases by 
increasing the transformation-time.  
  
  
Fig. 4.11 Microstructure of alloy A1 observed after annealing at 800°C for 8 min
and isothermal transformation at 400°C for (a) 60 s, (b) 120s, (c) 300s and (d)
480s. 
 
 
 
 
 
 
(a) 
(c) 
(b) 
(d)
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Fig. 4.12 Microstructure of alloy A2 observed after annealing at 849°C for 8 min
and isothermal transformation at 400°C for (a) 60 s, (b) 120s, (c) 300s and (d)
480s 
 
Referring to Figs. 4.10 to 4.13, the difference between the A/M% in the 
photomicrographs and the Vγ represents the martensite phase. Because the 
austenite is less stabilized at the beginning of the bainite-reaction more 
martensite phase is expected which increases the difference between the white 
areas in the figures and the Vγ. However, proceeding in the bainite-reaction is 
accompanied by carbon enrichment of the austenite. The latter is gradually 
stabilised and simultaneously decreases in quantity during the course of bainite-
reaction. The former effect results in decreasing the martensite phase and 
hence decreasing the difference between the A/M% and the Vγ. 
Moreover, the dilatometric measurements were used to compare the bainite 
transformation kinetics of the two steels. During the dilatometric tests, a cooling 
rate of 50K/s was used to quench the samples from TA (Tab. 4.2) temperature to 
400°C. 
(b) (a) 
(c) (d)
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Fig. 4.13 Vγ as a function of the austempering time at 400°C – the material is 
intercritically annealed to different PF-contents. 
 
  
Fig. 4.14 Dilatation curves of alloys A1 and A2 bainitically transformed at 400°C. 
Fig. 4.14 compares the dilatation curves of alloys A1 and A2 bainitically 
transformed at 400°C.  The bainite-reaction proceeds to a higher final amount of 
bainite for the higher  Al-content alloy. Fig. 4.14 demonstrates also that the 
bainite formation is accelerated by increasing the aluminium content 
(considering the same PF-content). Thermo-Calc calculations of the driving 
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force for the transformation of austenite into ferrite (∆Gγα) for alloys A1 and A2 
(cf. Fig. 4.15) confirm the thermal dilatometric results. Thus, the microstructure 
evolution throughout the isothermal bainite transformation demonstrated that 
both, bainite formation rate and its total amount, increase as a result of 
increasing the aluminium content.  
 
 
Fig. 4.15 Calculated driving force of transformation from austenite into ferrite 
(∆Gγα) for alloys A1 and A2. 
On the other hand, the dilatometric experiments have shown that a cooling rate 
of 50 K/s is sufficient to avoid the formation of the allotriomorphic ferrite during 
cooling to the TB. This has been detected from the linearity of the temperature-
dilatation curve observed during cooling. 
4.5.2 Effect of Heat-treatment Conditions  
The TA listed in Tab. 4.2 was used in combination with austempering 
temperatures TB of 365°C, 400°C and 435°C. The isothermal holding time for 
both of the two steps were 8 min. Representative microstructure results using 
the same magnification are shown in Fig. 4.16. In all specimens the minor 
microstructure is the austenite/martensit (A/M) structure.    
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Fig. 4.16 (a) to (c ) Alloy A2; austempering temperature 400°C – intercritically 
annealed at (a) 770°C, (b) 810°C and (c) 849°C – Fig. 4.16 (d) to (f)  of alloy A1; 
intercritically annealed at 800°C and austempered at (d) 365°C (e) 400°C and (f) 
435°C. 
 
Figs. 4.16 a to c show the influence of the intercritical annealing temperature on 
the microstructure of alloy A2 for specimens austempered at 400°C. Increasing 
the intercritical annealing temperature resulted in decreasing the PF amount to 
reach approximately the foreseen amount (70%, 50% and 30%). A concurrent 
increase in the amount of the A/M phase (white areas) is observed.  
(b) 
(c) 
(d)
(e)
(f) 
(a) 
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On the other hand, the intercritical annealing temperature has no significant 
effect on the grain size of ferrite and retained austenite. Similar observation has 
been reported by Shi et al. [Shi06]. The grain sizes of ferrite and retained 
austenite varied between 3-7 µm and 0.7-3 µm, respectively. On the other hand, 
a significant influence of the chemical composition and austempering 
temperature on the location and morphology of the retained austenite could not 
be detected.  
Also Fig. 4.16 shows that the structure is fully recrystallized. In consistence with 
that, for their studied cold rolled TRIP-aided steels, Petrov et al. has not 
observed any interaction between recrystallization and transformation 
phenomena as the static recrystallization was already completely finished before 
the start of the α→γ phase transformation [Pet01]. 
 Fig. 4.17 shows that decreasing the PF amount (increasing the intercritical 
annealing temperature) has led to a higher amount of Vγ in the final 
microstructure for the two alloys. This could be attributed to the higher 
intercritical austenite content.   
 
 
Fig. 4.17 Effect of annealing conditions on the retained austenite percentage. 
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For these intercritical annealing conditions, it is also noted that the alloy of 
higher aluminium content (A2) has lower Vγ compared with that of lower 
aluminium content. 
These two observations were not recorded for the materials intercritically 
annealed for a foreseen PF% content of 70%. Such results for Vγ can be justified 
by following up the austenite and its composition throughout the heat-treatment 
process. This is described as follows: During the intercritical annealing stage, 
the austenite is firstly enriched with carbon due to the partitioning of the latter 
between the ferrite grains and the intercritical austenite (γi) during the formation 
of γi. The dependence of the elements concentrations in the intercritical 
austenite on the PF-content (i.e. TA) is given in Fig. 4.18 (using Thermo-Calc). 
During the course of the second isothermal holding (austempering) the austenite 
is further enriched with the carbon rejected from the bainitic-ferrite. This reaction 
can take place until reaching a point in which the free energy of ferrite is equal to 
the free energy of austenite (Gα = Gγ) and thus at this point no further 
transformation of austenite to ferrite can take place. This residual austenite, 
because of its high carbon content, has a martensite start temperature (MS) 
below RT and thus a certain amount of austenite from this process can be 
retained at RT. The amount of carbon that can enrich the austenite during this 
process has been found to be dependant on the isothermal austempering 
temperature according to the T0 concept [Bha01]. Fig. 4.19 shows the T0 curve 
drawn for both, A1 and A2 alloys using Thermo-Calc software (TCCQ). 
However, the amount of carbon that enriched the Vγ is not necessarily matching 
that one expected by the T0 curve. If the holding time for example is not 
sufficient to reach the T0 curve, especially for the low austempering 
temperatures which require long holding time, the expected carbon 
concentration value can not be reached. On the other hand, for a high holding 
temperature the carbides can form easily and the carbon in austenite decreases 
[Has04]. It has been reported that carbide starts to precipitate between 450°C 
and 475°C and this temperature range is hardly affected by the chemical 
composition [Tra02b].   
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Fig. 4.18 Predicted dependence of the alloying elements in γi on the PF content 
in the intercritical region for alloys (a) A1 and (b) A2. 
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For the current case, considering the same amount of γi at the beginning of the 
bainitic transformation, the bainitic reaction will last to a lower concentration of 
carbon at higher temperature. Thus the final austenite will have a lower carbon 
concentration (Fig. 4.19) but higher amount (Fig. 4.17). The used relatively 
narrow austempering temperature range around 400°C is the reason why the 
results could be justified in the light of T0 curve. It is reported by Hashimoto that 
at this temperature (400°C) the best combination of bainite transformation rate 
and carbon-content at T0 curve occurs [Has04]. However, the trend is possibly 
not to continue for lower or higher austempering temperatures, where the 
carbon in the retained austenite may not fit with the T0 curve due to the 
insufficient holding time or the carbide precipitation, respectively, as explained in 
the previous paragraph.  
The Vγ of the 70% PF material does not follow the trend expected from the T0 
curve. In this case the γi is enriched with the carbide former elements (C and 
Mn), whereas the carbide suppression element (Al) is at lower level (cf. Fig. 
4.18).  This can motivate the carbide formation in bainite. Carbide formation 
taking place in austenite withdraws carbon from the austenite so its stability 
drops noticeably. This may proceed to an extent that some of the austenite 
formed during the isothermal holding can not be stabilized down to RT and thus 
transforms to martensite. Furthermore, Kim et al. have reported that the 
improvement of the austenite hardenability because of the high Mn content 
 
Fig. 4.19 The T0 curves of alloys A1 and A2. 
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(2.52wt% in their case) results in martensite transformation during cooling after 
the isothermal bainite holding [Kim01]. For the material annealed to 70% PF, 
similar excessive Mn-content is predicted in γi (cf. Fig. 4.18). 
SEM was used in order to confirm the occurrence of the martensite phase in the 
70% PF material. The samples for SEM were prepared following the procedure 
proposed by Girault et al., therewith distinguishing martensite from retained 
austenite in the SEM micrograph is possible [Gir98]. Representative SEM 
micrographs are shown in Fig. 4.20. 
  
  
Fig. 4.20 SEM micrograph of steel A1 intercritically annealed at (a) 800, (b) 
768°C and (c) and (d) 742°C. F: ferrite, B: bainite, RA: retained austenite and M: 
martensite.  
(a) 
B 
F 
RA 
(b)
F
B
RA 
(d)
M
(c) 
M 
B RA 
F
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For the material annealed to 70% PF, martensite phase was observed as can be 
seen in Fig. 4.20 (c) and (d). The martensite grain is characterised by its well 
delineated substructure while the retained austenite looks rather smooth. 
On the other hand, increasing the aluminium content leads to lower Vγ (Fig. 
4.17). The ability of alloy A2 to proceed to higher carbon enrichment of austenite 
during bainitic holding (Fig. 4.19) results consequently in lowering the Vγ as has 
been discussed above. Hence, increasing the aluminium content not only 
reduces the cementite stability but also motivates the enrichment of austenite 
with carbon and leads to a lower retained austenite volume fraction but with 
higher carbon content and higher stability. 
Additionally, dilatometric experiments were performed in order to compare the 
transformation behaviour at different isothermal holding temperatures. Before 
that comparison, the observed dilatation should be first normalised. That is 
because the dilatation measured, as a result of austenite transformation, during 
the isothermal holding depends on the isothermal holding temperature (cf. Fig. 
2.14). The measured dilatation is related to the bainitic temperature by applying 
the following procedure: After complete austenitisation of the material, the ∆L-T 
curves of the austenite and ferrite were fitted and extended to lower and higher 
temperatures, respectively. The distance between these two lines (∆γα) was then 
determined for each bainitic temperature investigated. The measured dilatation 
during isothermal holding was normalised by dividing its value to the 
corresponding ∆γα (norm. ∆L = ∆L/∆γα) [Tra02a, Ohl03]. 
The dependence of the “norm. ∆L” on the isothermal transformation time for 
alloys A1 intercritically annealed at 768°C and A2 intercritically annealed at 
810°C is shown in Fig. 4.21. Considering the same amount of PF, decreasing 
the over-aging temperature has led to an increase in the total amount of formed 
bainite. This result confirms the (Vγ) results that is, if the amount of PF is 
constant, any increase in the total amount of bainite will be on the expense of 
the retained austenite amount. On the other hand, decreasing the transformation 
temperature decreases the transformation rate. This feature is associated with 
performing the isothermally bainite transformation below the nose of the TTT 
diagram. This is because at lower temperature the diffusion of atoms becomes 
more difficult [Bha01]. 
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Fig. 4.21 Influence of the isothermal holding temperature on the bainitic-
transformation behaviour of alloys A1 and A2 intercritically annealed at 768°C 
and 810°C, respectively. 
4.5.3 Effect of Hot-rolling Conditions 
As explained in section 4.3.2, the different hot-rolling schedules (Fig. 4.3) 
resulted in pronounced differences in the hot-rolled structure-size (Fig. 4.5 and 
Fig. 4.6). Due to the latter variation different final TRIP-aided steel structure size 
is observed (cf. Fig. 4.22). Tab. 4.3 gives a comparison among the final 
structure grain sizes of ferrite and retained austenite. Making use of the 
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beneficial effect of the hot rolling below TnRX, a pronounced finer cold-rolled 
TRIP-aided steel structure was produced. Recalling the current result (as well as 
pervious report [Shi06]) that the employed heat-treatment parameters have no 
significant effect on ferrite and retained austenite grain size (cf. Fig. 4.16). An 
inference is that, in the current study, the structure fineness is dependant only 
on the hot-rolling conditions.  
On the other hand, the observed effect of the prior hot-rolling schedule on the Vγ 
was very limited. 
Tab. 4.3 Effect of the hot-rolling schedule on the final grain sizes of the ferrite 
and retained austenite phase (µm). 
   Schedule
Phase R RP P 
Ferrite 5.0 3.5 2.3 
Retained austenite 1.6 0.9 0.84 
 
Additionally, dilatometric investigations showed that the difference in the hot 
rolling-schedules influences the bainite transformation kinetics in a pronounced 
way. Fig. 4.23 presents the evolution of ∆L/L0 as a function of the transformation 
time for the different hot-rolling schedules applied on alloy A2. In Fig 4.23 it can 
be seen that for smaller grains the transformation starts faster but proceeds at a 
slower rate. Indeed, the reduction of the grain size brings about an increase of 
the grain boundary area at which the first bainitic ferrite sub-units nucleate. 
Thus, the transformation starts faster due to an enhanced nucleation rate. The 
transformation then proceeds by nucleation and grow of new sub-units from the 
tip of the previous ones towards the interior of the austenite grain, thus when the 
austenite grain size is reduced the transformation proceeds in slower rate 
[Mat04, Jac04]. The influence of austenite grain size on the transformation rate 
was already shown and modelled by Rees and Bhadeshia [Ree92].  
An inference is that beside the effect of chemical compositions on the bainite 
transformation kinetics (cf. Fig. 4.14); another feature highlights the 
transformation occurring in the cold rolled TRIP-aided steels: the prior hot-rolling 
schedule. 
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Fig. 4.22 Different TRIP steel microstructures obtained as a result of using 
different hot rolling schedules (a) and (b) schedule R - (c) and (d) schedule RP - 
(e) and (f) schedule P. Microstructures are for steel A2 intercritically annealed 
for 70%PF. 
(a) (b)
(d)(c) 
(f)(e) 
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Fig. 4.23 Dilatation curves of alloy A2 intercritically annealed at 810°C and 
bainitic transformation at 400°C. 
On the other hand, instead of the difference in the transformation rates, the 
bainite-reaction proceeds to the same final amount of bainite (cf. Fig 4.23). 
Accordingly, by mass-balance relationship among the material phases, Vγ  in the 
final microstructure should be unaffected by the prior structure-fineness. This 
dilatometric-observation is in consistence with that the measured-Vγ is 
insignificantly affected by the hot-rolling schedule. 
4.6 Mechanical Properties 
The tensile properties of steels A1 and A2 were investigated using standard 
tensile specimens according to ASTM, subsize E8-03, with width and gauge 
length of 6.4 and 25.4 mm, respectively. The samples were machined with their 
tensile axis oriented perpendicular to the rolling direction. The samples were 
subjected to the heat-treatment described in section 4.5. 
Figs. 4.24 and 4.25 show the effect of the processing route on the ultimate 
tensile strength (Rm), yield strength (Re) and the total elongation % (TEl%) for 
steels A1 and A2, respectively. The Re-values plotted in the histograms are the 
lower yield strengths or the Rp0.2-values, in case of the absence of a yield point 
(continuous yielding behaviour). Representative tensile stress–strain curves 
showing the continuous and discontinuous yielding behaviour is shown in Fig. 
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4.26. In Fig. 4.27 the TEl% values are plotted vs the Rm values for all 
combinations of the rolling conditions and heat-treatment parameters.  
It can be concluded from Fig. 4.24, Fig. 4.25 and Fig. 4.27 that PF% 
(intercritical annealing condition) has the most pronounced effect on the 
mechanical properties for both steels.   The Rm values increase with decreasing 
the PF content. This can be explained by the higher austenite content formed 
during the intercritical annealing. A higher amount of γi results in a higher 
amount of high strength bainite after the isothermal bainitic transformation step.  
On the other hand, increasing the PF% from 30% to 50% results in increasing 
the TEl% values. In addition to the effect of increasing the soft PF-content on the 
TEl%, the expected higher amount of retained austenite surrounded by the 
bainite phase in the 30%PF microstructure can also contribute to the observed 
lower TEl%. That is because the film shape retained austenite grains located at 
the bainite are not transformed to martensite even when considerable amount of 
deformation is applied, thus not contributing to the ductility improvement 
[Kim01]. 
Further increase in the PF% to 70% has no further enhancement effect on the 
TEl%. This observation can be justified by the retained austenite characteristics 
associated with the 70%PF material. Principally, the total elongation of TRIP-
aided steel is controlled by the volume fraction and stability of the retained 
austenite and the difference in strength between matrix and second phase 
[Sug06].  In the 70% PF material the Vγ is obviously lower than that of the 50% 
PF material (cf. Fig. 4.17) and with lower stability as discussed before.  
Furthermore, Timokhina et al. have reported that the polygonal ferrite in the C-
Mn-Si-Nb-steel showed a lower ferrite deformation than in the non-Nb steels and 
did not flow around the bainitic region during straining. This has been justified by 
the fact that the Nb addition has the effect of promoting precipitation hardening 
of the ferrite and/or through grain refinement, which leads to the strengthening of 
ferrite [Tim04].  
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Fig. 4.24 Tensile strength (Rm), yield strength (Re) and total elongation % (TEl 
(%)) dependence on the hot-rolling and annealing conditions for alloy A1. 
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Fig. 4.25 Tensile strength (Rm), yield strength (Re) and total elongation % (TEl 
(%)) dependence on the hot-rolling and annealing conditions for alloy A2. 
30
%
 P
F 
50
%
 P
F 
70
%
 P
F 
370
400
430
370
400
430
370
400
430
T B
 (°
C
)
0 5 10 15 20 25 30 35
TEl (%)
Rm
Rp
TEl (%)
R
RP
P
370
400
430
370
400
430
370
400
430
T B
 (°
C
)
R
RP
P
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
370
400
430
370
400
430
370
400
430
T B
 (°
C
)
Tensile Strength (MPa)
R
RP
P
m
e 
435 
 
65 
435 
 
65 
435 
 
65 
435 
400 
365 
435 
400 
365 
435 
400 
365 
5 
400 
365 
5 
 
65 
5 
 
65 
Chapter 4                                    Cold Rolled TRIP-steel: Results and Discussion 
 68
 
 
 
 
Fig. 4.26 Representative tensile stress–strain curves showing (a) continuous 
yielding and “(b) and (c)” discontinuous yielding behaviours. 
(a) Alloy A2: R – 30%PF – TB = 435°C 
(b) Alloy A2: P – 50%PF – TB = 400°C 
(c) Alloy A2: P – 70%PF – TB =365°C 
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On the other hand, the materials annealed to 70% PF have recorded high Re 
values compared with their Rm values. For this case, the retained austenite 
stability is very low, as explained before. Consequently, transformation in such 
low austenite stability would take place even in the elastic region [Ohl02]. Thus, 
the TRIP effect is most likely to take place in the elastic region and would 
eventually increase the Re values, but subsequent transformation in the plastic 
region would be limited. Consequently the contribution of the TRIP effect in 
enhancing the Rm and the TEl% is also limited. 
Referring to Figs. 4.24 and 4.25 the mechanical properties do not vary similarly 
with respect to the isothermal bainitic holding temperature, TB. The complex 
nature of the microstructures and the interaction among their phases result in an 
unpredictable effect of the TB especially in the investigated relatively narrow 
range (365°C-435°C). 
Since TRIP-aided steels combine high strength and high ductility, their 
mechanical properties are often characterized by the product of the tensile 
strength and the total elongation (Rm × TEl (%)) which is known as the 
formability index [Bar02]. 
At each combination of PF-content and hot-rolling condition the average 
formability index has been calculated from the values recorded at the three 
corresponding TB temperatures.  A comparison among these averages is shown 
in the histogram of Fig. 4.28. It is clear form this figure that the highest 
formability index is recorded for the steels annealed to 50% PF this result is in 
association with the strength-ductility balance recorded at this PF content (Fig. 
4.27).   
On the other hand, it can be concluded from Fig. 4.28 that the hot-rolling 
schedule has a pronounced effect on the formability index for both steels. 
Interestingly, the hot rolling schedule has a very limited effect on the Vγ values. 
Thus, the improvement in properties seems entirely to be due to microstructural 
refinement (Fig. 4.22). In addition to the well known effect of grain refinement on 
the improvement of the mechanical properties, the higher stability of the smaller 
retained austenite grains has a further improving effect. Brandt et al. [Bra93] 
have pointed out that smaller retained austenite particles contain less potential 
nucleation sites for the transformation to martensite and consequently require a 
larger total driving force for nucleation of martensite. Thus, by controlling the 
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deformation temperature and the degree of deformation below TnRX during the 
hot-rolling process, it was possible to improve the strength-ductility balance of 
the cooled-rolled TRIP-aided steel. The deformation below the TnRX results in 
distinct refinement of the final TRIP-aided steel microstructure. 
A poorer formability index for the lower Al-content alloy (A1) in spite of its higher 
austenite-content is related to lower carbon enrichment during isothermal bainite 
transformation (cf. Fig. 4.19). This results in a lower stability of the austenite, 
which is then transformed to martensite in an earlier stage of plastic 
deformation. In some cases, where the austenite stability is very low, the 
transformation takes place even in the elastic region so that the dual phase 
behaviour can be observed. Nevertheless, a minimum amount of retained 
austenite should be present in order to guarantee TRIP behaviour and 
enhanced strength and formability [Ble04]. 
For further analysis, the average mechanical properties of A1 and A2 alloys had 
been calculated from all the values recorded under the different employed 
processing routes. The calculated values are listed in Tab. 4.4. The values are 
highly reliable because they were obtained from many samples processed under 
different conditions, but these conditions are quite similar for the two alloys. It 
can be concluded that increasing the aluminium content has improved the 
formability of the steel A2 through improving its ductility. 
Tab. 4.4 The average mechanical properties of A1 and A2 alloys calculated from 
all the values recorded under the different employed processing routes. 
Alloy Rm (MPa) Re (MPa) TEl(%) F.I. (MPa%) 
A1 851 524 24 20280 
A2 845 595 27 22758 
 
 
 
Chapter 4                                    Cold Rolled TRIP-steel: Results and Discussion 
 71 
 
 
Fig. 4.27 Map of the tensile strength vs. total elongation (%) for all combinations 
of the investigated processing routes for (a) alloy A1 and (b) alloy A2. 
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Fig. 4.28 The average formability index at each combination of PF-content and 
hot-rolling condition; calculated from the values recorded at the three 
corresponding TB temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4                                    Cold Rolled TRIP-steel: Results and Discussion 
 73 
4.7 Conclusions 
This chapter provided an investigation of the microstructure formation and 
mechanical properties obtained after different hot-rolling and two-step annealing 
treatment conditions of two Mn-Si-Al cold-rolled TRIP-aided steels alloyed with 
Mo-Nb. From the present investigation the following conclusions can be drawn: 
1- By making use of the beneficial effect of the hot-rolling below TnRX, a 
pronounced finer cold-rolled TRIP-aided steel structure had been produced. This 
resulted in improving the strength-ductility balance of the steel. 
2- Comparison between the transformation kinetics using the thermodynamic 
calculations and the dilatometric method is only relevant when using a heating 
rate where the transformation temperatures are independent of the heating rate. 
Using higher heating rate is then misleading. 
3- The intercritical annealing temperature has no significant effect on the grain 
size of ferrite and retained austenite. 
4- As long as the bainite transformation in TRIP steel can comply with the T0 
curve, the retained austenite content would increase with increasing the bainite 
transformation temperature. 
5- It is the composition of the intercritical austenite which controls its behaviour 
during the transformation-process and not the bulk composition of the alloy. 
During the current study, it is proposed that the martensite formation was 
observed due to the partitioning of elements during the intercritical annealing in 
such a way that at low intercritical temperature the γi is enriched with the carbide 
former elements (C, Mn) whereas the carbide suppression element (Al) is at 
lower level.  
6-Increasing the aluminium content not only reduces the cementite stability but 
also: 
(a) Motivates the formation of bainitic-ferrite and leads to a higher fraction of 
bainite. 
(b) Lowers the fraction of retained austenite.  
(c) Increases the carbon content in retained austenite and improves its stability.  
(d) The latter effect would enhance the formability though increasing the 
ductility. 
7-For the given alloying elements, the most promising microstructures with 
respect to the strength-ductility balance are those containing 50% PF.  
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Chapter 5 
Ultra-fine Bainite: Results and Discussion 
5.1 Introduction 
In silicon-alloyed steels the martensite start temperature “MS” of carbon-enriched 
austenite may, after a certain transformation time, decrease to the level where 
the martensite formation during cooling from the transformation temperature is 
avoided [Del65]. Using this feature in combination with high carbon content and 
low bainitic transformation temperature ultra-high strength bainitic steels had 
been developed [Cab02, Gar03a, Gar03b, Cab04, Gar05]. 
The high strength of these steels is due to their very fine structure. The 
observed refinement is a consequence mainly of the ability of high carbon 
content and low transformation temperature to enhance the strength of the 
austenite. It is expected that the bainite-plates would become thinner as the 
yield strength of the austenite, from which they are formed, increases [Bah01, 
Sin98]. Thus, the high carbon directly refines the structure by strengthening the 
austenite and indirectly by lowering the MS temperature and thus allowing 
performing the bainitic transformation process at lower temperature. 
However, the high carbon content results in the existence of large regions of 
untransformed austenite in the microstructure, which is known to be detrimental 
to the mechanical properties. The incomplete transformation phenomenon, 
which limits the amount of bainite that can be formed at any temperature, is the 
reason for the existence of these large regions of untransformed austenite 
[Bha01, Aar06].  
5.1.1 Aim of the Study 
This chapter is concerned with a further development of the ultra-fine bainitic 
steel by decreasing its carbon content aiming at both, lowering the retained 
austenite and accelerating the bainite transformation reaction. The consequence 
of lowering the carbon content below the eutectoid composition provides the 
possibility of intercritical annealing of the alloy which results in a wider window 
for designing mechanical properties.  
A systematic method consisting of three steps was developed. In the first step 
the appropriate heat-treatment parameters using the dilatometric measurements 
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were employed. In the second step the obtained parameters were reapplied 
using salt-bath treatment and in the third one the final structure was 
characterised. Throughout the present work, the reliability of different 
thermodynamic and kinetic models-based on phase transformation-had been 
reviewed. 
5.2 Investigated Material 
Two steel alloys with different carbon contents had been produced by induction 
melting in vacuum.  A water-cooled suction-mould had been used for the 
production of cylindrical samples with the dimension of φ33 mm × 140 mm from 
the melt.  The samples were cooled down to the ambient temperature and then 
hot pressed to a thickness of 12 mm. The material was homogenised in a 
protection atmosphere for 48 h at 1200°C, then slowly cooled down to RT inside 
the furnace simply by switching off the power. It took about 12 h to cool down 
the samples to 300°C. The chemical compositions of the materials (alloys B1 
and B2) are shown in Tab. 3.1. Manganese and chromium had been added for 
hardenability, molybdenum to prevent temper embrittlement due to phosphorus 
and silicon to prevent the precipitation of cementite during bainite formation. 
Aluminium and cobalt had been added to accelerate the bainite transformation 
process. 
5.3 Dilatometry and Heat-Treatment 
Dilatometric investigations were conducted using samples with 5 mm diameter 
and 10 mm length prepared from the homogenised material. The dilatometric 
results had been used for the selection of the appropriate heat-treatment 
parameters of the two alloys as will be described later. Using salt baths 
mentioned in section 3.2, the designed heat-treatment had been repeated on 
further mechanical testing samples and on samples for micro-constituents 
investigations.  
5.3.1 Defining the Intercritical Region 
In order to define the intercritical region, dilatometric measurements had been 
applied by heating specimens up to 1100°C. For better tracing the equilibrium 
points, a heating rate of 0.05K/s had been used.  The variation of the relative 
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change in length as a function of temperature had been measured from which 
the transformed austenite fractions was calculated employing the lever rule. The 
results for both steels are shown in Fig. 5.1a. Fig. 5.1b compares the measured 
transformed-fraction and the predicted one obtained using the Thermo-Calc 
TCW3 software employing the TCFE3 database. 
 
 
 
 
Fig. 5.1 (a) Dilatation versus temperature curves observed during continuous 
heating together with the calculated formed austenite fraction (fγ) and (b) 
Comparison of the calculated (fγ) and the predicted one using Thermo-Calc.  
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
720 740 760 780 800 820 840 860 880 900 920
Temperature (°C)
f γ
TC
TC
dashed: ThermoCalc
solid: Dilatometry
thin: B1
thick: B2
B2 
B1 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
720 740 760 780 800 820 840 860 880 900 920
Temperature (°C)
f γ
0.70
0.80
0.90
1.00
1.10
1.20
R
el
at
iv
e 
ch
an
ge
 in
 le
ng
th
 (%
)
y
x
y
x
fγ=y/(x+y)
thin: B1
thick: B2
dashed: ∆L/L0%
solid: fγ
(a) 
B2
B1 
B2 
B1 
(b) 
Chapter 5                                              Ultra-fine Bainite: Results and Discussion 
 77 
As mentioned in chapter 4, the austenite starts to form in the carbides rich 
areas. Once the carbides regions disappeared (corresponding to the point TC in 
Fig. 5.1b), the austenite formation continues at much slower rate. 
Tab. 5.1 compares the measured and the predicted critical temperatures. The 
reason for the significantly higher measured Ae1 temperature in comparison with 
the calculated one is the sluggish kinetics of austenite formation close to Ae1. 
Similar results had been reported in ref. [Dem02], too. 
Tab. 5.1 Predicted versus measured critical temperatures. 
Alloy  Ae1 (°C) TC (°C) Ae3 (°C) 
Predicted 740.1 818.0 892.5 
B1 
Measured 787.4 826.9 894.7 
Predicted 747.2 829.9 840.8 
B2 
Measured 777.3 831.4 838.9 
 
In order to confirm the dilatometric results, a microstructure study had been 
performed on steel B1. The microstructures obtained for samples quenched 
from 870, 850, 830 and 815°C down to RT are shown in Figs. 5.2a-d. For better 
distinguishing of the pearlite phase in the martensite matrix, LePera etchant had 
been used. Tab. 5.2 compares the different non-transformed-phase 
constituents, i.e. ferrite or ferrite+pearlite obtained by microstructural 
investigations, Thermo-Calc and dilatometry. The present results are in 
consistence with previous reports showing that the lever rule gives a higher 
ferrite amount than that one obtained by the more reliable microstructure 
examinations especially for lower temperatures. This difference is correlated 
with the fact that the lever rule does not take into account the redistribution of 
carbon between ferrite and austenite and that the formation of pearlite has a 
distinctly different volume effect on the formation of ferrite [Gom03, Kop01]. 
Tab. 5.2 Percentage of ferrite-ferrite+pearlite obtained using different methods. 
              Temp. (°C) 
Method 
870 850 830 815 
Microstructure 8.1 17.2 23.4 30.1 
Thermo-Calc 5.82 11.4 17.2 23.2 
Dilatometric 10.5 20.4 28.2 50.4 
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Referring to Fig. 5.2, the only microstructure with pearlite structure (dark-brown 
stained) is that one obtained by quenching from 815°C, whereas for those 
quenched from higher temperatures the pearlite structure is absent. These 
results are consistent with the assumption that the change in the slope of the 
transformation-temperature diagram corresponds to the TC temperature (see 
Tab. 5.2). 
Locating the TC temperature is of particular importance for the design of the heat 
treatment process, namely, the intercritical annealing stage. Determination of 
the temperature range of pearlite dissolution process allows the selection of the 
most suitable intercritical temperature for obtaining microstructures which gives 
optimum combination of mechanical properties. During the current investigation 
it was important to show that the annealing temperature used in the experiments 
is higher than the austenite+ferrite-pearlite temperature range.  
 
  
 
 
  
Fig. 5.2 Microstructure observed after quenching from (a) 870°C, (b) 850°C, 
(c) 830°C and (d) 815°C. ferrite: blue, pearlite: dark-brown in the martensite 
matrix 
(a) (b) 
(c) (d)
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5.3.2 The Martensite Start Temperature 
In order to locate the martensite start temperatures, the dilatometer was used to 
quench both alloys B1 and B2 from different temperatures with a cooling rate of 
10K/s. The dilatation curves during quenching are shown in Fig. 5.3, where the 
decrease of the MS temperature with decreasing intercritical annealing 
temperature is observed and can be explained by the austenite enrichment with 
carbon during the intercritical annealing together with the refinement of their 
particles. 
 
Fig. 5.3 Dilatation versus temperature curves observed during continuous 
cooling from the annealing temperatures for alloys B1 and B2. 
 
In Fig. 5.4 the MS temperatures are plotted against the annealing temperature. 
The change in the slop of the line fitting the date-points is due to the change in 
the mechanism of austenite formation. As described by De Meyer et al., the 
austenite first nucleates and grows at the pearlite colonies. The second 
austenite formation mechanism starts to take place once the cementite rich 
regions disappeared (TC temperature). This takes place by growing of austenite 
into ferrite and redistribution of carbon between the former and the latter, 
simultaneously [Dem02].  
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Fig. 5.4 Dependence of the martensite-start temperature on the annealing 
temperature for alloy B1. 
 
5.3.3 Selection of the Heat-treatment Parameters 
According to the investigations of the intercritical transformation and the MS 
temperatures of the two alloys, the heat treatment temperatures have been 
selected as shown in Tab. 5.3. Not to be mentioned that the selected bainite 
transformation temperature (TB) should be above MS temperature and that of the 
autenitisation temperature (TA) should be above TC temperature. 
Tab. 5.3 Used heat-treatment parameters (annealing temperature “TA” and 
austempering temperature “TB”) together with the martensite start for each TA. 
Alloy B1 B2 
TA (°C) 920 870 850 830 920 
MS (°C) 239 225 223 218 197 
TB (°C) 290, 250 
290, 250, 
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290, 250, 
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290, 250, 
230, 210 
5.3.4 Bainite Transformation 
The dilatometer was also used to perform the heat treatments at different TA and 
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down to the austempering temperature with a cooling rate of 10K/s. This cooling 
rate was sufficient to avoid any allotriomorphic ferrite and pearlite formation 
during cooling to the prescribed bainitic holding temperature. This could be 
detected from the linearity of the temperature-relative change in length curve, 
being recorded during cooling. After Similar linearity had been obtained during 
cooling to room temperature after the austempering process at the prescribed 
bainitic holding temperature. The latter linearity indicates that the autenitisation 
process has stabilised the retained austenite and moved the MS temperature 
well below RT. So the final microstructure is free of martensite. Accordingly, the 
final structure consists of the prescribed ferrite amount, bainitic ferrite (αb) and 
retained austenite. The later micro-constituent was quantified using x-ray 
diffraction method as will be described in section 5.4.3, whereas the former was 
quantified using LOM (Tab 5.2). Therefore, by mass-balance relationship among 
the phases, the final αb volume fraction (Vb) can be calculated. 
Representative results from the real-time monitoring of the extent of the bainite 
reaction are shown in Figs. 5.5 a-c. In these figures, the calculated Vb is settled 
at the end of the bainite transformation; whereas the progressive increase in αb 
with transformation time is calculated assuming the linearity between ∆L/L0 and 
Vb (cf. Fig. 2.14). In these curves, it is assumed that the point where dimensions 
cease to change represents 100% of transformation. In all cases the samples 
had been quenched after reaching this point. Horizontal lines have been drawn 
nearby these points to aid in estimating them. 
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Fig 5.5 Vb versus time curves observed during isothermal holding of (a) alloy B1 
quenched from 920°C (b) alloy B1 quenched from 850°C and (c) Alloy B2 
quenched from 920°C. 
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The reason for this termination of the reaction, which limits the amount of bainite 
that can be obtained at any temperature, is explained by the incomplete-reaction 
phenomenon. The reaction is said to be incomplete since transformation stops 
before the phases achieve their equilibrium compositions [Bha01, Aar06]. It is 
clear from Fig. 5.5 that for the transformation performed at higher temperature 
the bainite reaction proceeds to lower amounts of αb in shorter time frames 
compared with that performed at lower temperature.  
Furthermore, in Fig. 5.6 the dependence of transformation kinetics on the 
annealing temperature and alloy composition is shown.  
 
Fig. 5.6 Vb versus time curves observed during isothermal holding at TB 
temperature after quenching from TA temperature for alloys B1 and B2. 
 
The current results demonstrate that, for the same heat treatment conditions, 
the alloy with lower carbon content (B1) proceeds to higher amounts of bainitic 
ferrite in shorter time frames compared with that of higher carbon. The holding 
times required for cessation of the bainite reaction for the investigated heat 
treatment conditions are illustrated in Fig. 5.7. It is important to mention here 
that the holding time required for termination of the bainite reaction is shorter 
than that reported in ref. [Gar03b, Gar05, Has06]. This is due to the lower 
carbon content used during the current research. Furthermore, much longer 
time-frames are required for alloys with higher carbon content and without 
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addition of the bainite-reaction accelerating elements, i.e. Al and Co [Cab02, 
Gar03a, Cab07]. 
 
Fig. 5.7 Estimated holding time required for the cessation of the bainitic reaction 
for alloys B1 and B2 quenched from the prescribed annealing temperature. 
 
The bainite transformation is therefore accelerated by both, lowering the carbon 
content of the alloy and the addition of the Al and Co elements. Calculations of 
the driving force for the transformation of austenite into ferrite (∆Gγα) for alloys 
B1 and B2 (cf. Fig. 5.8) confirm the thermal dilation results. Thus, the 
dilatometric results demonstrate that both rates of the bainite formation and its 
total amount would increase as a result of decreasing the carbon content. Of 
course, the reduction of the carbon content of the alloy is only as long useful as 
it does not lead to an unacceptable decrease in strength of the steel, i.e. by 
coarsening the structure. 
Concerning the transformation times of alloy B1, it is to be mentioned that two 
contradicting factors are controlling them in the intercritical region. The formation 
of ferrite resulted in decreasing the total amount of bainite which consequently 
results in decreasing the transformation time, whereas increasing the ferrite 
amount results in enriching the austenite with carbon, (according to Thermo-
Calc calculations:  0.420, 0.444 , 0.470 and 0.501%C at 920, 870, 850, and 
830°C, respectively) the latter effect results in deceleration of the transformation 
process. 
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Fig. 5.8 Variation of the free energy change ∆Gγα with temperature for alloys B1 
and B2. 
5.4 Microstructural Features 
5.4.1 Observed Phases 
The micrographs in Figs. 5.9 and 5.10 show the typical structure obtained after 
the isothermal transformation of austenite into bainitic ferrite. LePera etchant 
was used to differentiate the polygonal ferrite within the acicular ferrite 
aggregates (see Figs. 5.9c and Fig. 5.9d). As clearly to be seen in Figs. 5.9 
and 5.10 it is not possible to distinguish individual ferrite plates within the thin 
aggregates using the LOM. Therefore, SEM investigations had been conducted. 
Figs. 5.11 and 5.12 show that the ferrite aggregates built up from many ferrite 
plates in the same crystallographic orientation.  
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Fig. 5.9 Microstructure of alloy B1 formed by annealing at 920°C and 
isothermal transformation at: (a) 290°C (b) 250°C (nital etchant) ), and by 
isothermal transformation at 250°C and austempering at (c) 870°C and (d) 
830°C (LePera etchant). (PF: polygonal ferrite and γr: retained austenite).  
 
 
 
 
 
 
 
 
 
 
 
(c) 
PF γr 
(d)
(b)(a) 
PF γr 
(d)
Chapter 5                                              Ultra-fine Bainite: Results and Discussion 
 87 
  
  
Fig. 5.10 Microstructure of alloy B2 formed by annealing at 920°C and 
isothermal transformation at: (a) 290°C (b) 250°C, (c) 230°C and (d) 210°C. 
 
A decrease in the transformation temperature leads to a structure refinement, 
i.e. a reduction in the packet width and in the thickness of individual ferrite 
plates. Sandvik et al. have reported that the thickness of individual ferrite plates 
at a certain temperature is relatively uniform, regardless of the transformation 
time, while acicular-ferrite aggregate width is affected by the transformation time 
[San81].  
The retained austenite is present in a form of homogenously distributed films 
along ferrite plate boundaries as well as in a form of small isolated austenite 
colonies. The polygonal-ferrite phase is easily distinguishable within the 
intercritically-annealed structure. 
For the intercritically annealed material, the frequent observation of the retained 
austenite islands in the neighbourhood of the polygonal ferrite (cf. Figs. 5.9c, 
5.9d, 5.11c and 5.11d) can be justified by the stabilisation of the austenite 
particles as a result of the matrix constrains resulting from the partially coherent 
nature of the ferrite austenite interface [Rig79]. 
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Fig. 5.11 Scanning electron micrographs of alloy B1- the microstructure is 
formed by annealing at 920°C and isothermal transformation at: (a) 290°C (b) 
250°C, (c) annealing at 850°C and isothermal transformation at: (c) 250°C and 
(d) 230°C (PF: polygonal ferrite and γr: retained austenite). 
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Fig. 5.12 Scanning electron micrographs of alloy B2 – the microstructure 
formed by annealing at 920°C and isothermal transformation at: (a) 290°C (b) 
250°C, (c) 230°C and (d) 210°C (γr: retained  austenite). 
 
The existence of retained austenite islands, which have lower mechanical 
stability, in the vicinity of the soft polygonal-ferrite phase is of vital importance for 
the mechanical properties. In a recent publication, the authors have revealed the 
importance of the effect of polygonal ferrite and the interaction between 
polygonal ferrite, retained austenite, and strain-induced martensite during 
straining on the structure-property relationship [Jac01b]. 
5.4.2 Structure Fineness 
SEM investigations were conducted on alloy B1 annealed at two temperatures 
of 920°C and at 850°C and on alloy B2 annealed at 920°C to determine the true 
   γr 
(a) (b) 
  γr 
(c) 
γr 
(d)   γr 
Chapter 5                                              Ultra-fine Bainite: Results and Discussion 
 90
plate thickness “t”. This has been done by measuring the mean linear intercepts 
“Lt” in a direction normal to the plate length. The thickness t is related to Lt by the 
relationship t = 2Lt/π [Gar03b].  
Fig. 5.13 compares the plate thicknesses for the investigated structures. The 
strength of the austenite from which the ferrite plates are formed is the main 
factor controlling the plate thickness [Sin98]. As expected, the plates become 
thinner for the alloy with higher carbon content and with decreasing the 
transformation temperature due to the effect of both factors on enhancing the 
strength of the austenite. The observed thinner plate for alloy B1 annealed at 
850°C in comparison with that annealed at 920°C is due to the carbon 
enrichment of the intercritical austenite, γi, during intercritical annealing at 
850°C. This enrichment strengthens the γi from which bainitic ferrite is formed. 
 
 Fig. 5.13 Bainite plate thickness dependence on the transformation 
temperature. 
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5.4.3 Retained Austenite 
X-ray analysis was used to estimate the retained austenite volume percentage, 
Vγ, and its carbon content, Cγ. Fig. 5.14 shows representative results of the 
observed x-ray diffraction patterns. 
 
Fig. 5.14 XRD patterns for alloy B2- austenitized at 920°C and austempered at 
the prescribed temperatures. 
 
The lattice parameter was calculated from the experimental peak position 
results. In order to estimate the “true” lattice parameter aγ free from systematic 
random errors, plots were conducted of the calculated lattice parameter for each 
peak vs. cos2θ/sinθ, thereby accounting for possible sample displacement in the 
diffractometer [Cul01]. The aγ was determined from the y-intercept of a linear 
least-square fit through the data. Fig. 5.15 shows a representative example of 
the method applied to alloy B2. The retained austenite carbon content, Cγ, was 
calculated by substituting aγ in eq. (3.5). 
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Fig. 5.15 Austenite lattice vs. the cos2θ/sinθ function for alloy B2-austenitized 
at 920°C. 
 
Fig. 5.16 shows the influence of the bainitic holding temperature on the volume 
percentage of the retained austenite, Vγ, observed for both of alloys.  
A comparison of experimentally measured Cγ against the calculated T0 curve is 
shown in Fig. 5.17. During the course of the isothermal bainitic transformation, 
austenite is enriched with carbon, which is rejected from the bainitic acicular-
ferrite. This reaction can take place only until reaching the point at which the free 
energy of ferrite equals the free energy of austenite (the T0 boundary). At this 
point no further transformation of austenite to ferrite can take place. For lower 
transformation temperatures the reaction can proceed to higher carbon 
concentrations in austenite and consequently to higher amounts of bainite and 
lower amount of retained austenite.  
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Fig. 5.16 Volume percentage of retained austenite as a function of the 
isothermal transformation temperature.  
 
 
 
Fig. 5.17 A comparison of experimental carbon content data against the 
calculated T0 curve. 
 
 
On the other hand, decreasing the carbon content does not result in a significant 
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holding temperatures. One consequence of that is the increase of the bainite on 
the expense of the retained austenite by decreasing the alloy carbon content 
(C ) according to equation: 
)V1(
)(V
b
b −
−+= sCCCγ , 
where s is the amount of carbon in the bainitic ferrite and Vb is the bainite 
volume fraction.  
The previous analysis explains why the alloy B1 has proceeded to higher final 
amount of bainite compared with alloy B2 considering the same transformation 
temperature (Figs. 5.5a, 5.5c and 5.6). 
For this type of steel, a relatively higher dislocation density was reported due to 
the transformation which is attributed to the fact that the shape deformation 
accompanying displacive transformations is accommodated partially by plastic 
relaxation [Gar05, Bha90]. Another reported fact is that as the transformation 
temperature decreases the amount of the formed bainite and hence the 
dislocation density increases [Gar05]. Atomic probe analysis of the carbon 
distribution in the structure revealed that a substantial quantity of carbon is 
trapped at these dislocations [Cab07, Pee04].  In the light of that, the deviation 
of the measured Cγ from the T0 curve towards lower values, as the temperature 
decreases (Fig. 5.17), can be explained. The dependence of the redistribution of 
carbon between the solid solution and dislocations on the dislocation density, 
which is getting higher by decreasing the temperature, could be the reason for 
such deviation. 
5.5 Mechanical Testing 
5.5.1 Compression Properties 
The bulk elastic and plastic deformation characteristics of polycrystalline 
materials are generally the same in compression and tension. As a result, the 
elastic modulus, yield strength and work hardening curves will be similar in 
compression and tension tests. Fracture strength, ultimate strength and ductility, 
on the other hand, depend on localized mechanisms of deformation and 
fracture, and are generally different in compression and tension testing [Asm00]. 
Chapter 5                                              Ultra-fine Bainite: Results and Discussion 
 95 
The mechanical properties for alloys B1 and B2 determined by the compression 
test are shown in Figs. 5.18 and 5.19.  The very high strength of the materials 
corresponds to their very fine structure. 
Lowering the transformation temperatures increases the ultimate compression 
strength which corresponds to a reduction in the ferrite-plates thickness together 
with a decrease in the volume fraction of the retained austenite. The results 
shown in Fig. 5.18 indicate that the compression strength is controlled by the 
work-hardening properties of the austenitic structure component. The important 
results which can be concluded from Fig. 5.18 is that the negative effect of the 
retained austenite content could be partially absorbed by the use of the strain 
hardening of a designed amount of ferrite in the structure. Together with the well 
known strong work-hardening effects caused by transformation induced 
plasticity (TRIP) effect, the existence of the retained austenite/transformed-
martensite in the vicinity of the soft polygonal-ferrite (Figs. 5.9c, 5.9d, 5.11c and 
5.11d) can remarkably reduce its detrimental effect.  
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Fig. 5.18 Polygonal ferrite content dependence of the compression properties 
for alloy B1 isothermally treated at (a) 290°C, (b) 250°C and (c) 230°C. 
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Fig. 5.19 Austempering temperature dependence of the compression properties 
for alloy B2. 
 
5.5.2 Fracture Strain 
During the current study, the axial compression testing has been used for 
comparing the ductile fracture limits of the material. This has been done by 
taking the advantage of the barrel formation and controlled stress and strain 
conditions at the equator of the barrelled surface when compression is carried 
out with friction. When friction exists at the die contact surfaces, material at the 
contact surfaces is retarded from moving outward while the material at the mid-
plane is not constrained. As a result, barrelling occurs, as shown in Fig. 5.20. 
Under these conditions, for a given axial compressive strain, the bulge profile 
provides circumferential strain at the equator that is greater than the strain that 
occurs during homogenous compression (without friction). At the same time, due 
to the bulge profile, the local compressive strain at the equator is less than the 
strain that would have occurred during homogeneous compression. These 
stress and strain conditions lead to tensile stress around the circumference and 
reduce compressive stress at the bulge equator. Eventually, the surface is 
cracked due to the tensile stress in the circumferential direction at the bulge 
surface [Kuh73, Asm00].  
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Fig. 5.20 Compressive test specimens of alloy B1, (a) undeformed specimen, 
(b)-(d) different responses of the samples according to their different ductilities. 
(b) ε = 50%-no cracks, (c) ε=50%-crack started and (d) ε = 40%-crack started. 
It is clear from Figs. 4.18 and 4.19 that the highest fracture strain values have 
been recorded for the highest bainite transformation temperature and the 
highest amount of ferrite. Ferrite serves to enrich the austenite with carbon, 
which helps to strengthen the bainite but it decreases its amount. In addition, the 
presence of ferrite in the final microstructure provides good ductility, i.e. 
deformation to fracture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) (c) (d) 
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5.6 Conclusions 
Ultra fine bainite structure had been obtained in two hypo-eutectoid steels by 
isothermal transformation at low temperatures (210-290°C). The major 
conclusions drawn from the present investigation are as follows: 
1- Using the dilatometric analysis, a clear differentiation between pearlite 
dissolution process and α →  γ transformation was found in these steels. This 
allowed selecting the most appropriate intercritical temperature to obtain 
microstructures with optimum combination of mechanical properties. 
2- Lowering the carbon content below the eutectoid composition provided the 
possibility of intercritical annealing of the alloy which resulted in a wider window 
of mechanical properties. 
3- The redistribution of carbon between the retained austenite and dislocations 
was observed to be dependant on the dislocations density.  
4- The negative effect of the retained austenite content could be partially 
accommodated by the use of the strain hardening of a designed amount of 
ferrite in the structure. 
5- Axial compression testing is a useful technique for measuring the ductile 
fracture limits of a material. Measuring the ductile fracture limits takes advantage 
of the barrel formation and controlled stress and strain conditions at the equator 
of the barrelled surface when compression is carried out with friction. 
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Chapter 6 
Summary 
 
This work provides a detailed study of stabilisation of retained austenite by 
isothermal bainitic transformation aimed at further development of new 
categories of these steels in terms of strength and ductility via affordable 
addition of alloying elements together with optimisation of the processing routes.  
Within the framework of the present study two groups of steels were 
investigated. In the first group, two Mo-Nb microalloyed TRIP steels with 
moderate aluminium content of 0.23 and 0.64 wt% and with carbon content of 
0.25 wt% had been cast. The material was hot rolled using different schedules 
which were selected according to the non-recrystallisation temperature and 
additionally cold rolled. Thereafter, the specimens were intercritically annealed 
to obtain 30%, 50%, 70% polygonal ferrite content at the end of this process. 
The intercritical annealing temperatures were chosen on the basis of the 
dilatometric measurements.  Subsequently, the material was quenched into a 
salt bath at different austempering temperatures. Dilatation tests under similar 
conditions to that of the heat treatment were also conducted to study the 
transformation behaviour. The microstructures had been investigated using light 
optical microscopy (LOM) and scanning electron microscope (SEM). The 
amount of retained austenite was determined by magnetometry.  
It was possible to refine the cold-rolled TRIP-aided steel structure by controlling 
the deformation temperature and the degree of deformation below non-
recrystallisation during the hot-rolling process. This structure refinement resulted 
in improving the strength-ductility balance. On the other hand, the intercritical 
annealing temperature has no significant effect on the grain size of ferrite and 
retained austenite. 
A wide spectrum of mechanical properties was obtained mainly as a result of 
varying heat-treatment parameters, and to the less extent due to employing 
different hot-rolling schedules. The best strength-ductility balance and hence the 
highest formability index is recorded for the materials annealed to 50% 
polygonal ferrite. 
It was found that increasing the aluminium content enhances the rate of 
transformation and increases the total amount of bainite fraction on the expense 
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of the retained austenite. The latter effect enhances formability through 
increasing the ductility.  
In the second group, ultra-fine, carbide-free bainitic structure of plate thickness 
between 34 and 116 nm was obtained by low temperature austempering 
process of two hypo-eutectoid steels having 0.42 and 0.56 wt% of carbon. It was 
found that decreasing the carbon content results in accelerating the bainite 
transformation reaction together with decreasing the content of retained 
austenite, which is known to be detrimental to the mechanical properties. 
Furthermore, lowering the carbon content below the eutectoid composition 
allowed intercritical annealing of the material which resulted in a wider window 
for heat treatment parameters and consequently in a spread field for mechanical 
properties. Dilatometric measurements were used to find the suitable heat-
treatment parameters including an estimation of the required time intervals for 
the cessation of the bainitic reaction. The final-structure was characterised using 
LOM, SEM and X-ray diffractometry. In order to investigate the effect of the 
microstructure parameters on the materials mechanical properties, compression 
tests had been conducted at room temperature. 
For both groups of steels, through optimising composition and processing 
routes, a spectrum of mechanical behaviours was observed, outperforming 
many commercially available steel grades. The results had been verified by 
performing the thermodynamic calculations.  
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